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Abstract		This	review	surveys	the	design	of	cyclometallated	iridium(III)	complexes	for	applications	in	light-emitting	electrochemical	cells	(LECs).	Typical	iridium-containing	ionic	transition	metal	complexes	(Ir-iTMCs)	are	of	the	general	type	[Ir(C^N)2(N^N)]+	where	H(C^N)	is	a	cyclometallating	ligand	and	N^N	is	a	2,2'-bipyridine	(bpy),	1,10-phenanthroline	(phen)	or	related,	chelating	ligand.	In	a	more	recently	introduced	series	of	emitters,	the	N^N	ligand	has	been	replaced	by	a	heterocyclic	carbene.	Since	single	component	white-light	emitting	LECs	are	difficult	to	design,	a	more	common	approach	is	through	colour-mixing.	Colour-tuning	of	[Ir(C^N)2(N^N)]+	emissions	is	achieved	by	manipulation	of	the	C^N	and/or	N^N	units	because	the	HOMO	and	LUMO	are,	respectively,	localized	on	the	Ir/C^N	or	N^N	domains.	This	review	surveys	synthetic	strategies	to	Ir-iTMCs	and	illustrates	the	way	in	which	ligand	design	can	address	emission	colour	and	LEC	stability.	We	consider	the	different	approaches	used	to	obtain	blue-emitters;	highly	efficient	and	stable	deep-blue	emitters	are	required	to	complement	the	wide	variety	of	orange	emitting	Ir-iTMCs	for	application	in	white-light	devices.	We	also	review	the	ways	in	which	deep-red-emitting	Ir-iTMCs	are	accessed.	In	
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addition	to	targeting	changes	in	the	Ir-iTMC	band-gap	and	therefore	the	colour	of	the	emission,	ligand-design	is	critical	to	improving	LEC	stability	and	turn-on	times;	only	a	handful	of	stable	deep-red-emitting	LECs	have	been	reported.	One	successful	strategy	for	improving	device	lifetime	is	the	introduction	of	intra-cation	π-stacking	interactions	which	protect	the	iridium	metal	centre	in	the	excited	state	of	the	complex;	however,	a	wide	range	of	investigations	suggests	that	the	choice	of	stacked	rings	is	significant	and	that	the	involvement	of	the	cyclometallated	ring(s)	may	be	important.	There	are	now	many	data	to	confirm	that	the	presence	of	peripheral	bulky	substituents	is	beneficial,	resulting	in	greater	spatial	separation	of	the	Ir-iTMC	cations	in	the	solid	state	which,	in	turn,	reduces	self-quenching.	Finally,	we	comment	on	why	it	is	often	difficult	to	legitimately	compare	results	of	different	investigations	of	LEC	performances.		
Keywords:	Light-emitting	electrochemical	cell;	iridium;	ligand	functionalization;	ligand	modification;	device	stability;	device	turn-on	time		
Abbreviations:	Ir-iTMC	=	iridium	ionic	transition	metal	complex;	C^N	=	cyclometallating	ligand;	N^N	=	chelating	N,N'-donor	ligand;	HOMO	=	highest	occupied	molecular	orbital;	LUMO	=	lowest	unoccupied	molecular	orbital;	DFT	=	density	functional	theory;	TD-DFT	=	time	dependent	density	functional	theory;	ITO	=	indium	tin	oxide;	PEDOT:PSS	=	poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate);	PL	=	photoluminescence;	EL	=	electroluminescence;	QY	=	quantum	yield;	EQE	=	external	quantum	efficiency;	Lmax	=	maximum	luminance;	ton	=	LEC	turn-on	time	(see	Section	1);	t1/2	=	LEC	lifetime;	IL	=	ionic	liquid;	[BMIM][PF6]	=	1-butyl-3-methylimidazolium	hexafluoridophosphate;	
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[EMIM][PF6]	=	1-ethyl-3-methylimidazolium	hexafluoridophosphate;	[TBA][OTf]	=	tetrabutylammonium	triflate.	Ligand	abbreviations	are	defined	in	the	schemes.		
Dedication:	This	review	is	dedicated	to	our	friend	and	colleague,	Pierre	Braunstein	and	celebrates	his	contributions	to	organometallic	and	coordination	chemistries.		
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1	 Introduction	Light-emitting	electrochemical	cells	(LECs)	differ	from	organic	light-emitting	diodes	(OLEDs)	in	that	the	active	material	in	a	LEC	is	a	charged	(rather	than	neutral)	species.	Early	LECs	incorporated	luminescent	polymers	containing	ionic	salts	[1].	In	1996,	the	first	LEC	employing	an	ionic	transition	metal	complex	(iTMC)	was	reported	[2];	it	contained	a	[Ru(bpy)3]2+-based	compound	(bpy	=	2,2'-bipyridine)	in	the	active	layer.	Development	of	Ru-iTMCs	is	impeded	by	the	low	stability	of	Ru-iTMC-containing	devices	under	operating	conditions	and	the	difficulty	of	shifting	the	emission	colour	away	from	the	orange-red	region.	A	move	from	ruthenium	to	iridium	is	advantageous	both	in	terms	of	device	stability	and	emission-colour	tuning.	Most	iridium(III)	complexes	for	LECs	are	based	upon	a	cyclometallated	complex	of	the	type	[Ir(C^N)2(N^N)]+	in	which	H(C^N)	is	a	cyclometallating	ligand	and	N^N	is	a	2,2'-bipyridine,	1,10-phenanthroline	(phen)	or	related,	chelating	ligand.		[3,4,5,6,7,8,9,10,11,12,13,14,15].	More	recently	introduced	electroluminophores	include	those	with	N-heterocyclic	carbenes	replacing	the	N^N	ligand	(see	Section	6.5).	 The	layered	architecture	of	a	LEC	(Fig.	1)	is	simpler	than	that	of	an	OLED,	although	Duan	and	coworkers	have	demonstrated	the	successful	use	of	cationic	cyclometallated	iridium(III)	complexes	as	electroluminophores	in	OLEDs	comprising	a	simple	architecture	[16].	After	application	of	an	electrical	bias	across	a	LEC,	the	ions	in	the	active	layer	migrate	towards	the	anode	or	cathode.	The	ions	accumulate	at	the	electrode	interfaces	forming	doped	zones.	Widening	of	these	p-	and	n-doped	zones	leads	to	the	formation	of	a	p–i–n	junction	(i	=	intrinsic	or	non-doped	region)	and	emission	of	light	through	the	transparent	ITO	
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layer	(Fig.	1)	occurs	in	the	intrinsic	region	when	electrons	and	holes	recombine	[17].	In	contrast	to	OLEDs,	it	is	not	a	requirement	for	LECs	to	employ	a	low	work-function	metal	as	cathode	because	the	barrier	charge	injection	is	reduced	by	the	formation	of	an	electric	double	layer.	Air-stable	electrodes	such	as	Al	can	be	used,	resulting	in	the	advantageous	application	of	solution	(rather	than	vacuum)	processing.	Figure	1	shows	a	schematic	representation	of	a	double-layer	LEC	with	a	hole	injection	layer	of	poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)	(PEDOT:PSS).	This	layer	is	not	included	in	the	simplest	device	architectures.	The	active	material	in	the	LEC	is	an	Ir-iTMC	and	the	archetype	compound	is	[Ir(ppy)2(bpy)]+	(Hppy	=	2-phenylpyridine)	(Fig.	1).	The	structure	in	Fig.	1	shows	that	the	nitrogen	donors	of	the	two	cyclometallating	ligands	are	mutually	trans,	and	this	arrangement	is	the	norm	in	[Ir(C^N)2(N^N)]+	complexes.	Note	also	that,	being	an	octahedral	tris-chelate,	an	[Ir(C^N)2(N^N)]+		cation	is	chiral,	a	point	to	which	we	return	in	Section	5.1.	A	[PF6]–	counter-ion	is	a	common	choice,	but	the	relatively	large	ion	size	leads	to	low	ion	mobility,	resulting	in	slow	LEC	turn-on	times	(ton).	It	is	important	to	note	that	ton	is	defined	in	different	ways	in	different	studies;	it	may	be	the	time	to	reach	maximum	luminance	or	the	time	to	reach	a	specified	luminance.	To	overcome	low	ion	mobility,	the	electroluminophore	is	usually	blended	with	an	ionic	liquid	(IL)	[18,19].		
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Fig.	1	 Schematic	representation	of	a	LEC	device	and	the	structure	of	[Ir(ppy)2(bpy)]+	as	an	example	of	the	electroluminophore	in	the	active	layer.	The	configuration	of	the	device	shown	is	represented	as	ITO/PEDOT:PSS/Ir-iTMC:IL/Al.		 Single-component	white-light	emitters	are,	of	course,	highly	desirable,	but	are	difficult	to	realize.	In	their	absence,	two-component	white-light	emitting	LECs	are	a	critical	objective.	An	alternative	strategy	is	to	use	a	single	Ir-iTMC	that	is	a	dual	emitter.	However,	this	approach	has	not,	to	date,	been	successful	[20].	There	is	a	wide	range	of	orange	Ir-iTMC	emitters	to	choose	from,	but	there	remains	a	need	for	complementary	deep-blue	emitters.	The	paucity	of	highly	efficient	and	stable	deep-blue-emitting	complexes	required	for	colour-blending	is	the	fundamental	reason	behind	the	small	number	and	poor	performances	of	white-light-emitting	LECs.	A	huge	advantage	of	[Ir(C^N)2(N^N)]+	complexes	is	that	colour-tuning	of	the	emission	can	be	accomplished	by	manipulation	of	the	electronic	properties	of	the	C^N	and/or	N^N	ligands.	Since	the	highest-occupied	molecular	orbital	(HOMO)	and	lowest-unoccupied	molecular	orbital	(LUMO)	are,	respectively,	localized	on	the	Ir/C^N	or	N^N	domains	(Fig.	2),	the	band	gap	can	be	altered	through	ligand	functionalization.	Although	we	shall	not	be	concerned	in	this	review	with	the	detailed	discussion	of	theoretical	results,	such	studies	for	ground	and	excited	states	of	iTMCs	are	fundamental	to	an	understanding	of	experimental	results	and	to	the	development	of	new	ligands	[10,21,22,23,24,25,26].	 		
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	Fig.	2.	Orbital	character	of	(a)	the	HOMO	(localized	on	the	N^N	unit)	and	(b)	the	LUMO	(localized	on	the	{(C^N)2Ir}	unit)	of	the	[Ir(ppy)2(bpy)]+	cation;	calculated	at	DFT	level	(B3LYP,	6-31G*)	using	Spartan	16,	Wavefunction	Inc.		 Although	described	in	detail	elsewhere	[3],	it	is	appropriate	to	comment	on	some	general	features	of	the	photophysical	properties	of	Ir-iTMCs.	A	typical	absorption	spectrum	exhibits	intense,	high-energy	bands	arising	from	spin-allowed	ligand-centred	transitions,	most	usually	π*←π.	At	lower	energy,	metal-to-ligand	charge	transfer	(1MLCT)	and	ligand-to-ligand	charge	transfer	(1LLCT)	transitions	give	rise	to	a	broad	absorptions.	The	large	spin-orbit	coupling	constant	of	iridium	leads	to	mixing	of	singlet	and	triplet	states,	allowing	access	to	otherwise	spin-forbidden	transitions.	The	emitting	state	of	an	Ir-iTMC	is	the	lowest	energy	triplet	state	and	may	have	contributions	from	3MLCT,	ligand-centred	(3LC)	and	3LLCT	states.	Broad	emission	bands	indicate	dominant	charge-transfer	character,	whereas	structured	emission	bands	typify	a	large	3LC	character	of	the	emissive	state.	In	this	review,	we	describe	how	ligand	design	is	used	to	alter	the	emission	wavelength	of	the	luminophore.	We	also	discuss	how	the	turn-on	time	of	a	LEC	can	be	shortened	and	the	LEC	lifetime	increased	by	altering	the	structural	properties	of	the	ligands.	The	lifetime,	t1/2,	is	defined	as	the	time	for	the	
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luminance	(or	brightness)	to	decay	from	its	maximum	value,	Lmax	(or	Bmax)	to	half	this	value,	Lmax/2	(or	Bmax/2).	Two	significant	difficulties	that	emerge	when	surveying	the	LEC	literature	and	comparing	data	are	the	variation	in	device	architectures	(e.g.	with	or	without	a	hole-transport	layer,	with	or	without	IL)	and	the	device	operating	conditions.			Finally,	a	word	about	'colour'.	The	most	reliable	description	of	the	colour	of	light	emitted	by	a	LEC	is	by	use	of	CIE	colour	space	coordinates	(CIE	=	Commission	internationale	de	l'éclairage	or	International	commission	on	illumination).	However,	for	an	overview	of	the	LEC	field,	it	is	unfortunate	that	there	is	not	a	common	adoption	of	the	CIE	standard	for	all	publications.	We	have	therefore	opted	to	focus	on	emission	wavelengths	and	the	colours	of	emissions	that	authors	use	in	their	original	work.	Since	colour	is	a	subjective	visual	description,	this	leads	to	some	unavoidable	inconsistencies.			
2	 Synthesis	of	[Ir(C^N)2(N^N)]+	and	[Ir(C^N)2(NHC)]+	complexes	The	synthesis	of	[Ir(C^N)2(N^N)]+	cations	usually	involves	the	reaction	of	a	chlorido-bridged	[Ir2(C^N)4Cl2]	dimer	with	the	N^N	ancillary	ligand.	This	is	illustrated	in	Scheme	1	by	the	formation	of	[Ir(ppy)2(bpy)][PF6].	The	most	widely	employed	method	of	preparing	the	dimeric	[Ir2(C^N)4Cl2]	precursor	is	the	reaction	of	IrCl3·xH2O	with	the	cyclometallating	ligand	H(C^N)	(Scheme	1)	[27].	However,	in	some	cases,	this	route	is	not	effective	[28]	and	an	alternative	method	is	the	reaction	of	the	commercially	available	[Ir2(COD)2Cl2]	with	H(C^N)	(COD	=	1,5-cyclooctadiene,	Scheme	1)	[29].	This	strategy	has	also	been	used	to	prepare	mixtures	of	heteroleptic	dimers	such	as	[Ir2(ppy)4–n(dfppy)n(μ-Cl)2]	(Hdfppy	=	2-(2,4-difluorophenyl)pyridine)	[30].	Hexafluoridophosphate	salts	
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[X][PF6]	are		common	choices	for	the	final	anion	exchange	step	in	Scheme	1,	but	[BF4]–,	[BPh4]–	or	[BIm4]–	(HIm	=	imidazole)	ions	also	form	stable	salts	of	the	Ir-iTMC	cations	[31,32].	
	Scheme	1.	Synthesis	of	[Ir(ppy)2(bpy)][PF6]	via	a	chlorido-bridged	dimer.		While	most	Ir-iTMCs	contain	two	identical	C^N	ligands,	Dumur	and	coworkers	have	developed	an	elegant	approach	to	the	synthesis	of	[Ir(C^N)(C^N)'(N^N)]+	species	[33].	Initial	reaction	of	IrCl3.xH2O	with	an	equivalent	of	each	of	two	different	cyclometallating	ligands,	H(C^N)	and	H(C^N)',	leads	to	a	statistical	mixture	of	chlorido-bridged	dimers	[Ir2(C^N)4–x(C^N)'xCl2]	with	x	=	0,	1,	2,	3	or	4;	for	x	=	2,	the	two	identical	ligands	can	be	bound	to	the	same	or	different	Ir	centres.	The	difficulty	in	separating	this	mixture	of	compounds	is	overcome	by	treatment	with	Hacac	which	leads	to	three	neutral	complexes	[Ir(C^N)2(acac)],	[Ir(C^N)(C^N)'(acac)]	and	[Ir(C^N)'2(acac)].	After	chromatographic	separation,	
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the	mixed	ligand	compound	is	converted	back	to	a	chlorido-bridged	dimer	(Scheme	2)	and	is	available	for	reaction	with	an	N^N	ligand	as	in	Scheme	1.			
	Scheme	2.	Preparation	of	the	mixed-ligand	dimer	[{Ir(C^N)(C^N)'}2Cl2]	after	separation	of	[Ir(C^N)(C^N)'(acac)]	from	a	mixture	of	[Ir(C^N)2(acac)],	[Ir(C^N)(C^N)'(acac)]	and	[Ir(C^N)'2(acac)].			A	problem	that	may	be	encountered	with	the	general	strategy	shown	in	Scheme	1	is	the	presence	of	Cl–	ion	in	the	product.	When	incorporated	into	the	active	layer	in	a	LEC,	traces	of	chloride	ion	can	impact	significantly	on	LEC	performance	leading	to	lower	luminances.	In	cases	where	tight	ion-pairing	between	the	bpy	H3	protons	and	Cl–	occurs	(Fig.	3),	Cl–	ion	may	be	carried	through	the	synthesis	[34].	To	circumvent	this	problem,	a	solvento	approach	can	be	used.	This	is	based	on	a	strategy	from	Watts	[35]	in	which	a	[Ir2(ppy)4Cl2]	dimer	is	treated	with	a	soluble	silver	salt	to	abstract	Cl–	in	the	form	of	insoluble	AgCl.	Both	MeOH	[36,	37]	and	MeCN	[38]	have	been	used	as	coordinating	solvents	and	have	led	to	Ir-iTMCs	used	in	green	and	red	light-emitting	LECs	which	display	exceptional	stabilities	[36,37].		
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	Fig.	3.		Ion-pairing	between	[Ir(ppy)2(bpy)]+	and	Cl–	confirmed	in	the	single	crystal	structure	of	2{[Ir(ppy)2(bpy)][Cl]}.2CH2Cl2.[H3O][Cl]	(CSD	refcode	RISMOX	[34]).		The	replacement	of	the	N^N	ligand	in	[Ir(C^N)2(N^N)]+	by	a	chelate	comprising	
N-heterocyclic	carbene	(NHC)	donors	was	first	reported	for	use	in	LECs	by	De	Cola	and	coworkers	[39].	A	typical	synthetic	pathway	is	shown	in	Scheme	3.	
	Scheme	3.	A	synthetic	pathway	to	an	[Ir(C^N)2(NHC)]+	complex.			
3	 A	benchmarking	study:	archetype	[Ir(ppy)2(bpy)]+	and	
[Ir(ppy)2(phen)]+	complexes	The	archetype	Ir-iTMCs	are	[Ir(ppy)2(bpy)]+	(Fig.	1)	and	[Ir(ppy)2(phen)]+	(see	Scheme	4	for	phen).	The	photophysical	properties	of	these	complexes	and	their	electroluminescence	in	LECs	provide	a	benchmark	from	which	ligand-design	for	emission	colour-tuning	can	begin.	[Ir(ppy)2(bpy)][PF6]	is	an	orange-emitter,	exhibiting	room	temperature	photoluminescence	(PL)	with	λemmax	=	585	nm	in	MeCN	solution	[40]	(595	nm	in	CH2Cl2	[41])	and	electroluminescence	(EL)	with	
λemmax	=	590	nm	[40].	A	change	from	bpy	to	phen	leads	to	a	values	of	solution	PL	
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λemmax	=	530	nm	and	EL	λemmax	=	578	nm.	The	broad,	unstructured	PL	bands	are	typical	for	MLCT	electronic	transitions	[3]	(see	Section	1).	The	PL	quantum	yields	(PLQY)	for	deaerated	MeCN	solutions	of	[Ir(ppy)2(bpy)][PF6]	and	[Ir(ppy)2(phen)][PF6]	are	14	and	17%,	respectively,	and	these	values	increase	to	66	and	71%	for	poly(methylmethacrylate)	(PMMA)	thin	films	of	the	complexes.	An	increase	in	PLQY	on	going	from	fluid	solution	to	thin	film	is	typical.	The	performances	of	LECs	containing	[Ir(ppy)2(bpy)][PF6]	or	[Ir(ppy)2(phen)][PF6]	in	the	active	layer	are	significantly	affected	by	the	use	of	ionic	liquid	(IL)	as	demonstrated	by	the	data	in	Table	1.	A	LEC	with	[Ir(ppy)2(bpy)][PF6]	in	the	active	layer	outperforms	that	containing	[Ir(ppy)2(phen)][PF6]	(Table	1).	Although	an	enhanced	Lmax	is	achieved	by	blending	the	complex	with	IL,	the	LEC	lifetimes	are	significantly	reduced	[40].	Improved	luminances,	reduced	values	of	
ton	and	long	device	lifetimes	have	been	found	to	result	from	the	addition	of	[X][PF6]	(X+	=	NH4+,	K+	or	Li+)	to	[Ir(ppy)2(bpy)][PF6]	in	a	LEC	[42]	and,	similarly,	the	use	of	an	Li[PF6]	additive	improves	the	performance	of	LECs	with	[Ir(2,4-Ph2py)2(bpy)][PF6]	(2,4-Ph2py,	see	Scheme	4)	in	the	active	layer	[43].	
	Scheme	4.	Structures	of	cyclometallating	ligands	2-phenylpyridine	(Hppy)	and	2,4-diphenylpyridine,	and	the	N^N	ligand	1,10-phenanthroline.			
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Table	1.		The	effect	of	iTMC:IL	(IL	=	[BMIM][PF6])	ratio	on	the	performances	of	LECs	with	[Ir(ppy)2(bpy)][PF6]	or	[Ir(ppy)2(phen)][PF6]	in	the	active	layer.	LEC	configuration	was	ITO/PEDOT:PSS/Ir-iTMC:[BMIM][PF6]/Al	[40].		
Ratio Ir-iTMC : 
[BMIM][PF6] 
ton / ha Lmax / cd m–2 t1/2 / hb EQEc 
[Ir(ppy)2(bpy)][PF6] 
1 : 0 70.2 219 668 2.1 
4 : 1 7.2 334 69 3.0 
1 : 1 0.7 375 7.8 5.6 
[Ir(ppy)2(phen)][PF6] 
1 : 0 160 40 567 1.5 
4 : 1 6.4 63 73 2.1 
1 : 1 0.09 101 0.33 3.3 a	ton	=	time	to	reach	maximum	luminance	under	a	constant	bias	of	3	V	(Lmax).	b	t1/2	=	time	from	voltage-turn-on	to	the	time	to	decay	to	half	the	maximum	luminance	(Lmax/2).			
4	 Intramolecular	π-stacking	in	[Ir(C^N)2(N^N)]+	complexes		Before	continuing	with	a	discussion	of	colour-tuning	of	emissions	of	Ir-iTMCs,	we	describe	the	use	of	face-to-face	π-stacking	interactions	[44]	within	the	iridium(III)	coordination	sphere	to	stabilize	the	electroluminophore	in	both	the	ground	and	excited	states.	Each	of	the	six	donor	atoms	in	a	typical	[Ir(C^N)2(N^N)]+	complex	is	part	of	an	aromatic	ring	and,	therefore,	if	N^N	is	bpy	or	phen,	aryl	substituents	in	the	6,6'-positions	of	bpy	or	2,9-positions	of	phen	can	orient	themselves	to	engage	in	a	face-to-face	π-stacking	interaction	with	a	cyclometallated	ring	of	an	adjacent	ligand.	The	implications	of	such	interactions	were	first	demonstrated	in	2008	when	we	revealed	that	LECs	containing	[Ir(ppy)2(ptbpy)]+	(see	Fig.	4	for	ptbpy)	were	especially	long-lived	[45].	The	presence	of	a	π-stacking	interaction	was	established	crystallographically	for	the	ground	state	complex	(Fig.	4)	and	DFT	calculations	showed	that	the	interaction	persists	in	the	excited	state.	The	stacking	contacts	limit	expansion	along	the	N–Ir–N	vector	in	the	excited	state	and,	in	turn,	this	
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minimizes	the	risk	of	attack	by	H2O	which	results	in	occupancy	of	an	MO	with	antibonding	character	between	the	N–Ir–N	atoms.	For	a	LEC	with	configuration	ITO/PEDOT:PSS/Ir-iTMC:[BMIM][PF6](0.26	wt.%	IL)/Al	and	[Ir(ppy)2(ptbpy)][PF6]	in	the	active	layer,	the	time	to	reach	Lmax	(626	cd	m–2)	was	6	h	with	the	device	under	a	constant	bias	of	3	V.	The	device	lifetime	was	25	h.	A	reduction	in	the	amount	of	[BMIM][PF6]	to	0.13	wt.%	led	to	a	longer	ton	(136	h	to	reach	Lmax	=	230	cd	m–2)	but	a	significantly	longer	device	lifetime	(estimate	~680	h)	confirming	remarkable	LEC	stability	associated	with	the	intramolecular	π-stacking.	
	Fig.	4.	The	structure	of	the	N^N	ligand	ptbpy,	and	the	face-to-face	π-stacking	interaction	within	the	[Ir(ppy)2(ptbpy)]+	cation	(CSD	refcode	NOLXES	[45]).		 The	advantages	of	π-stacking	are	seen	in	a	comparison	of	the	performances	of	LECs	containing	[Ir(ppy)2(bpy)][PF6]	or	[Ir(ppy)2(Phbpy)][PF6]	(Fig.	5a)	in	the	active	layer	[46].	The	solution	emission	maximum	of	[Ir(ppy)2(Phbpy)][PF6]	(595	nm,	orange	emission)	is	the	same	as	that	of	[Ir(ppy)2(bpy)][PF6].	To	optimize	the	performance	of	a	LEC	in	configuration	ITO/PEDOT:PSS/[Ir(ppy)2(Phbpy)][PF6]/Al,	IL	was	added	to	the	active	layer	and	the	device	was	driven	with	a	pulsed	high-voltage	bias.	Under	a	bias	of	7	V,	Lmax	was	2200	cd	m–2	and	ton	was	1	min.	The	LEC	was	then	driven	under	a	3	V	bias	and	exhibited	an	exceptional	lifetime	exceeding	3000	h,	about	100	times	longer	than	a	similarly	configured	LEC	with	[Ir(ppy)2(bpy)][PF6]	as	the	
N
N
S
ptbpy
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electroluminophore.	An	analogous	stabilizing	effect	is	observed	on	going	from	[Ir(ppy)2(phen)][PF6]	to	[Ir(ppy)2(Phphen)][PF6]	(Fig.	5b)	[47].	Further	improvement	on	device	stability	might	be	thought	to	accompany	the	introduction	of	a	second	π-stacking	interaction	within	the	iridium	coordination	sphere,	but	this	seems	not	to	be	the	case.	Even	though	a	LEC	with	[Ir(ppy)2(Ph2bpy)][PF6]	(Ph2bpy,	see	Fig.	5)	in	the	active	layer	is	indeed	long-lived	(t1/2	~	1300	h)	[48],	the	value	of	t1/2	does	not	exceed	that	of	a	LEC	in	which	the	electroluminophore	is	[Ir(ppy)2(Phbpy)][PF6].	Replacing	the	6-phenyl	by	a	6-(2-naphthyl)	domain	(Fig.	6)	has	little	effect	on	the	solution	photoluminescence	(λemmax	=	598	nm	for	[Ir(ppy)2(Naphbpy)][PF6]	compared	to	λemmax	=	595	nm	for		[Ir(ppy)2(Phbpy)][PF6])	and	leads	to	bright	and	stable	LECs.	This	has	been	demonstrated	using	a	LEC	in	configuration	ITO/PEDOT:PSS/[Ir(ppy)2(Naphbpy)][PF6]:[BMIM][PF6]	(4:1)/Al	under	pulsed	driving	mode.	The	LEC	had	characteristics	of	Lmax	>	300	cd	m–2	with	no	loss	in	brightness	over	a	period	of	350	h	[49].	
	 			 		 	 	 	 	 (a)	 	 	 	 (b)		Fig.	5.	The	structures	of	Phbpy,	Phphen	and	Ph2bpy,	and	the	crystallographically	determined	structures	of	the	cations	in	(a)	[Ir(ppy)2(Phbpy)][PF6]	[46]	and	(b)	[Ir(ppy)2(Phphen)][PF6].2H2O	(CSD	refcode	UXUYIW)	[47].		
N
N
Phbpy
.
N
N
Phphen
.
.
N
N
Ph2bpy
.
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	 	 	Fig.	6.	The	structure	of	Naphbpy	and	the	crystallographically	determined	structure	of	the	cation	in	[Ir(ppy)2(Naphbpy)][PF6]	(CSD	refcode	LOHZEP)	[49].			 Aryl-substituted	cyclometallated	ligands	also	lead	to	intramolecular	π-stacking	interactions,	and	because	an	Ir-iTMC	usually	contains	two	identical	C^N	ligands,	multiple	π-stacks	can	be	introduced.	By	judicious	selection	of	the	substitution	sites,	beneficial	effects	can	be	engineered	by	functionalization	of	the	cyclometallating	ligands,	but	as	the	following	results	show,	involvement	of	the	cyclometallated	ring(s)	appears	to	be	critical.	Li	et	al.	designed	a	doubly	stacked	motif	by	using	a	2,6-diphenylpyridine	domain	in	the	ligands	H(2,6-Ph2py)	and	H(2,4,6-Ph3Ph)	(Fig.	7).	The	double	π-stack	was	confirmed	in	the	single	crystal	structure	of	[Ir(2,4,6-Ph3py)2(phen)][PF6].4H2O	(Fig.	7);	note	that,	in	this	case,	the	π-contacts	do	not	involve	the	cyclometallated	rings.	In	solution,	[Ir(2,6-Ph2py)2(phen)][PF6]	and	[Ir(2,4,6-Ph3py)2(phen)][PF6]	are	green	emitters	(λemmax	=	552	and	546	nm).	However,	LECs	in	configuration	ITO/PEDOT:PSS/Ir-iTMC:[BMIM][PF6]	(4	:	1)/Al	driven	under	a	bias	of	3V	or	8	V	with	[Ir(2,6-Ph2py)2(phen)][PF6]	or	[Ir(2,4,6-Ph3py)2(phen)][PF6]	in	the	emissive	layer	did	not	turn	on.	Inspection	of	the	crystal	structure	reveals	that	the	presence	of	the	double	π-stack	causes	significant	distortion	of	the	coordination	environment	in	the	ground	state.	Supporting	DFT/TD-DFT	calculations	for	the	excited	state	complex	indicate	that	the	double	π-stack	is	not	effective	in	preventing	the	
N
N
Naphbpy
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coordination	sphere	from	opening	up	[50].	The	positions	of	the	two	phenyl	substituents	in	2-(3,5-diphenyl)phenylpyridine	(H(Ph2ppy),	Fig.	8)	lead	to	two	independent	π-stacking	motifs	in	[Ir(Ph2ppy)2(bpy)]+	(Fig.	8a).	Both	stacking	interactions	are	between	a	pyridine	ring	of	the	C^N	ligand	and	a	pendant	phenyl	ring.	In	CH2Cl2	solution,	[Ir(Ph2ppy)2(bpy)][PF6]	has	an	emission	maximum	at	611	nm	which	shifts	to	600	nm	for	a	powder	sample.	A	LEC	with	[Ir(Ph2ppy)2(bpy)][PF6]	and	the	IL	[BMIM][PF6]	(4	:	1)	in	the	active	layer	(operated	with	a	pulsed	current	driving	mode)	attained	Lmax	=	425	cd	m–2		with	
ton	=	1.21	h.	The	LEC	showed	good	stability	with	t1/2	=	360	h.	However,	the	role	of	the	π-stacking	is	difficult	to	assess	since	a	LEC	containing	the	related	[Ir(Phppy)2(bpy)][PF6]	which	exhibits	no	intra-cation	π-stacking	(Fig.	8b)	has	a	higher	luminance	(Lmax	=	1024	cd	m–2)	and	longer	lifetime	(t1/2	=	2800	h)	[36].	We	further	developed	this	series	of	electroluminophores	to	include	pendant	phenyl	substituents	on	both	the	C^N	and	N^N	domains	and	achieved	exceptional	device	stability	for	a	LEC	with	[Ir(Ph2ppy)2(Phbpy)][PF6]	in	the	active	layer;	the	LEC	configuration	was	ITO/PEDOT:PSS/Ir-iTMC:[BMIM][PF6]	(4	:	1)/Al.	The	time	to	reach	Lmax	(261	cd	m–2)	was	only	0.05	h	and	the	lifetime	exceeded	2800	h	[36].	Structural	characterization	of	[Ir(Ph2ppy)2(Phbpy)][PF6].2MeC6H5	confirms	that	the	cation	contains	three	π-stacking	motifs	in	the	coordination	sphere	of	the	iridium	atom,	two	pyridine/phenyl	contacts	and	one	cyclometallating	ring/phenyl	interaction	(Fig.	8c).	
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		 	Fig.	7.		The	structures	of	the	cyclometallating	ligands	H(2,6-Ph2py)	and	H(2,4,6-Ph2py)	and	the	crystallographically	determined	structure	of	the	cation	in	[Ir(2,4,6-Ph3py)2(phen)][PF6].4H2O	(CSD	refcode	YODFII)	[50].		
	
			 	 		(a)	 	 						 	 (b)	 	 	 	 (c)	Fig.	8.		The	structures	of	the	cyclometallating	ligands	H(Phppy)	and	H(Ph2ppy);	the	structure	of	Phbpy	is	shown	in	Fig.	5.	The	cations	in	the	structurally	characterized	(a)	[Ir(Ph2ppy)2(bpy)].EtOH	(CSD	refcode	BOYPAI),	(b)	[Ir(Phppy)2(bpy)][PF6]	(CSD	refcode	BOYPEM)	and	(c)[Ir(Ph2ppy)2(Phbpy)][PF6]	(CSD	refcode	BOYPIQ)	[36].			 In	addition	to	the	examples	given	above,	other	combinations	of	C^N	and	N^N	ligands	that	facilitate	cyclometallating	ring/aryl	π-stacking	within	the	coordination	sphere	of	the	metal	in	Ir-iTMCs	have	led	to	LECs	showing	enhanced	stability	[51,52,53,54].	In	some	cases,	exceptional	device	lifetimes	are	observed	and	a	contributing	factor	is	the	incorporation	of	peripheral,	bulky	substituents	(see	Section	5).	Interestingly,	red-emitting	LECs	using	Ir-iTMCs	in	which	the	N^N	
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ligand	is	a	bidentate	2,2':6',2"-terpyridine	(tpy)	with	the	pendant	pyridyl	group	capable	of	engaging	in	cyclometallating	ring/aryl	π-stacking,	show	low	efficiencies	[55].	The	application	of	the	π-stacking	strategy	has	been	extended	to	Ir-iTMCs	using	an	N-heterocyclic	carbene	ligand	in	place	of	the	more	usual	diimine	(Scheme	5).	However,	the	results	of	DFT/TD-DFT	calculations	reveal	that	in	this	case,	the	inclusion	of	π-contacts	does	not	provide	a	stabilizing	effect	in	the	iridium	coordination	sphere	in	both	the	ground	and	excited	states	of	the	Ir-iTMCs	[56].	
	Scheme	5.		Example	of	an	Ir-iTMC	using	an	N-heterocyclic	carbene	ligand	functionalized	with	a	phenyl	group	(shown	in	blue)	for	π-stacking	with	the	cyclometallating	ring	(shown	in	red).		
5	 Introduction	of	sterically-demanding	substituents	in	the	N^N	ligands		
5.1	 The	effects	of	sterically-demanding	substituents	The	discussion	in	Section	4	included	several	examples	in	which	the	C^N	ligands	contained	phenyl	substituents	in	positions	other	than	those	adjacent	to	the	metal-binding	sites,	for	example,	H(2,4,6-Ph3py)	in	Fig.	7	and	H(Phppy)	in	Fig.	8.	The	introduction	of	bulky	hydrophobic	substituents	on	the	periphery	of	Ir-iTMCs	(e.g.	in	the	4-	and	4'-positions	of	bpy)	results	in	greater	spatial	separation	of	the	[Ir(C^N)2(N^N)]+	cations	in	the	solid	state.	This	militates	against	self-quenching	and	typically	leads	to	an	enhanced	PLQY	[3].	Common	choices	of	substituent	are	
tbutyl	and	phenyl	(e.g.	as	in	H(Phppy)	in	Fig.	8).	For	N^N	ligands,	many	examples	
Ir
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of	3,3'-,	4,4'-	or	5,5'-disubstitution	of	bpy,	or	4,7-disubstitution	of	phen	have	been	reported,	and	such	derivatization	is	expected	to	result	in	stable	and	efficient	LECs.	
	Scheme	6.	Structures	of	6-Mebpy,	6,6'-Me2bpy	and	6,6'-Me2-4,4'-Ph2bpy.			 We	have	reported	a	systematic	study	of	LECs	with	[Ir(ppy)2(bpy)][PF6],	[Ir(ppy)2(6-Mebpy)][PF6],	[Ir(ppy)2(6,6'-Me2bpy)][PF6]	or	[Ir(ppy)2(6,6'-Me2-4,4'-Ph2bpy)][PF6]	in	the	active	layer	(Scheme	6	shows	the	bpy	ligands)	[57].	Increased	substitution	has	beneficial	effects	on	the	PL	and	emission	lifetimes	of	the	complexes.	Thin	films	containing	[Ir(ppy)2(bpy)][PF6]	or	[Ir(ppy)2(6,6'-Me2-4,4'-Ph2bpy)][PF6]	and	made	with	the	same	composition	as	in	a	LEC,	exhibit	PLQY	values	of	34%	or	74%,	respectively.	The	LEC	lifetime	(t1/2	in	Table	2)	is	greatly	improved	(7.8	to	95	h)	on	going	from	[Ir(ppy)2(bpy)][PF6]	to	[Ir(ppy)2(6,6'-Me2-4,4'-Ph2bpy)][PF6]	as	the	electroluminophore.	It	can	be	enhanced	further	by	changing	the	ratio	of	Ir-iTMC	:	IL	from	1	:	1	to	4	:	1.	However,	this	is	at	the	expense	of	the	turn-on	time	of	the	device	(Table	2).						
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Table	2			Effects	of	substituents	and	use	of	ionic	liquid	on	LEC	performances	in	which	the	electroluminophore	is	based	on	[Ir(ppy)2(bpy)][PF6]	[57];	LEC	configuration	=	ITO/PEDOT:PSS/Ir-iTMC:[BMIM][PF6]/Al.			
Electroluminophore ton / ha Lmax / cd m–2 t1/2 / h 
Ratio of Ir-iTMC:[BMIM][PF6] = 1:1 
[Ir(ppy)2(bpy)][PF6] 0.04 375 7.8 
[Ir(ppy)2(6-Mebpy)][PF6] 4.4 194 28 
[Ir(ppy)2(6,6'-Me2bpy)][PF6] 16 210 41 
[Ir(ppy)2(6,6'-Me2-4,4'-Ph2bpy)][PF6] 11 240 95 
 
Ratio of Ir-iTMC:[BMIM][PF6] = 4:1 
[Ir(ppy)2(bpy)][PF6] 7.2 334 70 
[Ir(ppy)2(6-Mebpy)][PF6] 44 144 269 
[Ir(ppy)2(6,6'-Me2bpy)][PF6] 33 157 223 
[Ir(ppy)2(6,6'-Me2-4,4'-Ph2bpy)][PF6] 37 190 356 a	ton	=	time	to	reach	maximum	luminance		
	Scheme	7.	Structures	of	variously	substituted	bpy	and	phen	ligands.	The	effects	of	introducing	bulky	substituents	into	the	bpy	or	phen	ligand	in	[Ir(ppy)2(bpy)][PF6]	or	[Ir(ppy)2(phen)][PF6]	can	be	evaluated	by	looking	at	the	results	of	a	number	of	investigations,	although	one	should	bear	in	mind	the	different	LEC	configurations	and	operating	conditions.	Both	the	substituent	and	
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substitution	pattern	(Scheme	7)	are	important	in	terms	of	optimizing	device	performance.	In	2011,	Slinker,	Zysman-Colman	and	coworkers	confirmed	the	advantageous	effects	of	introducing	bulky	5,5'-substitutuents	into	the	bpy	ligand	in	[Ir(ppy)2(bpy)]+	[58].	A	LEC	of	configuration	ITO/Ir-iTMC/Au	containing	[Ir(ppy)2(5,5'-Ph2bpy)][PF6]	(5,5'-Ph2bpy,	see	Scheme	7)	showed	an	EL	maximum	at	594	nm	and	had	a	value	of	t1/2	~107	h.	This	LEC	was	more	stable	than	a	device	with	an	analogous	architecture	but	with	[Ir(ppy)2(4,4'-
tBu2bpy)][PF6]	(EL	λemmax	=	546	nm)	in	the	active	layer.	However,	the	turn-on	times	show	the	reverse	trend	with	values	of	ton	(time	to	reach	Lmax)	being	140	and	2	h	for	LECs	containing	[Ir(ppy)2(5,5'-Ph2bpy)][PF6]	and	[Ir(ppy)2(4,4'-
tBu2bpy)][PF6],	respectively.	Slinker	and	coworkers	have	also	reported	a	systematic	investigation	of	the	effects	on	introducing	phenyl	substituents	into	the	4,4'-positions	of	bpy,	and	the	4-positions	of	the	phenyl	or	pyridyl	rings	in	the	[ppy]–	ligand	in	[Ir(ppy)2(bpy)]+	[59].	LECs	in	configuration	ITO/PEDOT:PSS/iTMC	+	0.3%LiPF6/LiF/Al	were	operated	under	a	constant	12	V	bias.	Note	the	use	of	LiPF6	as	an	additive	which	has	been	shown	to	dramatically	improve	LEC	performance	by	aiding	the	formation	of	electric	double	layers	in	the	device.	The	incorporation	of	mobile	Li+	ions	compensates	for	the	poor	mobility	of	the	ions	in	the	Ir-iTMC	[60].	Table	3	details	the	structural	variation	in	the	complexes	under	investigation	and	their	PL,	EL	and	device	characteristics.	Addition	of	an	electron-donating	phenyl	group	to	the	cyclometallating	ligand	destabilizes	the	HOMO	(see	Fig.	2)	and	incorporating	them	into	the	bpy	stabilizes	the	LUMO	(see	Fig.	2).	As	a	result,	a	red-shift	is	seen	in	the	solution	emission	compared	to	that	of	the	archetype	[Ir(ppy)2(bpy)][PF6].	The	exception	to	this	trend	is	when	the	Ph	group	in	introduced	only	into	the	pyridyl	ring	of	the	[ppy]–	
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ligand.	The	trends	in	the	EL	maxima	for	the	LECs	follow	those	of	the	PL.	Values	of	the	solution	PLQY	were	14.4	to	26.5%	and	compared	to	15.6%	for	[Ir(ppy)2(bpy)][PF6].	In	contrast	to	this	relatively	small	PLQY	range,	there	is	significant	variation	in	the	performances	of	LECs	with	the	different	Ir-iTMCs	in	the	active	layer.	The	LEC	data	in	Table	3	demonstrate	that	placing	Ph	groups	in	the	4-position	of	the	[ppy]–	pyridyl	ring	(R1	=	Ph;	R2	=	R3	=	H	vs.	R1	=	R2	=	R3	=	H)	leads	to	a	doubling	of	Lmax	and	a	much	faster	ton.	In	contrast,	use	of	4,4'-Ph2bpy	in	place	of	bpy	(R1	=	R2	=	H;	R3	=	Ph	vs.	R1	=	R2	=	R3	=	H)	leads	to	a	fall	in	Lmax	but	a	significant	increase	in	LEC	lifetime.	In	general,	Ph	substitution	in	the	[ppy]–	domain	leads	to	brighter	LECs	than	substitution	in	the	bpy	unit	[59].															
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Table	3.		Summary	of	PL,	EL	and	LEC	performances	in	phenyl-substituted	[Ir(ppy)2(bpy)]+	Ir-iTMCs	[59].		
 
Substitution pattern Solution 
PL λemmax 
/ nma 
Solid-
state PL 
λemmax / 
nmc 
EL / nm Lmax /  
cd m–2 
ton / mind t1/2 / he 
R1 = R2 = R3 = H 598b 544 599 2753 191 33 
R1 = R2 = H; R3 = Ph 604 618 613 382 17 232 
R1 = R3 = H; R2 = Ph 620 613 612 1725 6.5 2.9 
R1 = Ph; R2 = R3 = H 598 580 589 5425 4.9 9.6 
R1 = R2 = Ph; R3 = H 620 612 612 1310 2.3 2.7 
R1 = H; R2 = R3 = Ph 625 612 631 673 52 92 
R1 = R3 = Ph; R2 = H 605 620 623 744 116 46 
R1 = R2 = R3 = Ph 627 635 646 452 412 111 
a	In	CH2Cl2	(λexc	=	295–315	nm);	bValue	compares	with	595	nm	previously	reported	in	CH2Cl2	[41];	cλexc	=	469	or	470	nm;	dton	=	time	to	reach	Lmax;	e	t1/2	=	time	from	ton	(Lmax)	to	Lmax/2.	
	 The	hydrophobicity	and	steric	effects	of	the	peripheral	phenyl	rings	in	the	4,7-Ph2phen	ligand	are	responsible	for	the	long	lifetime	(t1/2	=	65	h)	of	a	LEC	with	[Ir(ppy)2(4,7-Ph2phen)][PF6]	in	the	active	layer	(no	IL).	When	Bolink	et	al.	published	this	result	in	2006,	it	represented	a	major	breakthrough	in	the	improvement	of	Ir-iTMC-based	LEC	stabilities	[61].	Ligands	based	on	1H-imidazo[4,5-f][1,10]phenanthroline	retain	the	phen	metal-binding	unit	and	have	the	synthetic	advantage	of	ready	tuning	of	the	steric	and	electronic	properties	of	
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the	peripheral	imidazole	unit	[62].	Tordera	et	al.	explored	the	use	of	the	ligand	imp	(Scheme	7)	and	reported	efficient	orange	LECs	with	[Ir(ppy)2(imp)][PF6]	in	the	active	layer.	The	complex	exhibits	PL	with	λemmax	=	583	nm,	PLQY	=	43%	and	an	excited-state	lifetime	of	910	ns.	A	LEC	with	configuration	of	ITO/PEDOT:PSS/Ir-iTMC:IL	(4	:	1)/Al	had	a	rapid	ton	of	45	s	to	attain	a	luminance	of	100	cd	m–2,	and	28	min	to	reach	Lmax		of	684	cd	m–2.	During	850	h	of	operation,	the	LEC	lost	only	20%	of	its	peak	efficacy	(6.5	cd	A–1)	[63].	A	comparison	by	Zysman-Colman	and	coworkers	[64]	of	the	performances	of	LECs	containing	[Ir(ppy)2(4,4'-tBu2bpy)][PF6]	or	[Ir(Mesppy)2(4,4'-tBu2bpy)][PF6]	(H(Mesppy)	=	2-phenyl-4-mesitylpyridine)	demonstrated	that	the	peripheral	mesityl	groups	lead	to	a	much	faster	device	turn-on	(<2	s	vs.	80	s	to	reach	L	=	100	cd	m–2).	It	was	proposed	that	the	mesityl	groups	aid	electronic	communication	and	allow	faster	charge	hopping	and	recombination	kinetics.	The	LECs	had	a	configuration	ITO/PEDOT:PSS/Ir-iTMC:[BMIM][PF6]	(4:1)/Al	and	were	operated	under	pulsed-current	density	driving.	This	investigation	is	also	important	in	revealing	differences	between	the	use	of	racemic	(rac)	and	enantiomerically	pure	Λ-	or	Δ-[Ir(C^N)2(N^N)]+	complexes.	Two	series	of	Ir-iTMCs	were	investigated:	rac-,	Λ-	and	Δ-[Ir(ppy)2(4,4'-tBu2bpy)][PF6]	and	rac-,	Λ-	and	Δ-[Ir(Mesppy)2(4,4'-
tBu2bpy)][PF6].	As	expected,	there	is	no	difference	between	the	solution	PL	within	each	rac-,	Λ-	and	Δ-series	(λemmax	=	577	nm	for	all	complexes).	However	in	thin	film	where	packing	effects	are	present,	the	emission	of	rac-[Ir(ppy)2(4,4'-
tBu2bpy)][PF6]	is	blue-shifted	(λemmax	=	560	nm)	with	respect	to	each	of	Λ-	or	Δ-[Ir(ppy)2(4,4'-tBu2bpy)][PF6]	(λemmax	=	582	nm).	For	[Ir(Mesppy)2(4,4'-
tBu2bpy)][PF6],	a	broad	emission	with	λemmax	=	550	nm	with	shoulders	at	478	and	
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516	nm	is	observed	for	the	rac-species,	while	the	Λ-	and	Δ-enantiomers	in	thin	film	exhibit	structured	and	blue-shifted	emissions	(λemmax	=	511,	480	nm).	LECs	with	rac-,	Λ-	and	Δ-[Ir(ppy)2(4,4'-tBu2bpy)][PF6]	in	the	active	layer	are	all	long-lived	with	extrapolated	values	of	t1/2	of	>1300	h	(rac),	>700	h	(Λ)	and	>400	h	(Δ).	As	the	authors	point	out	[64],	comparisons	between	these	results	and	earlier	reports	of	LECs	based	on	rac-[Ir(ppy)2(4,4'-tBu2bpy)][PF6]	are	difficult	because	of	variations	in	LEC	operating	conditions.			 In	general,	peripheral	bulky	substituents	are	beneficial	in	terms	of	LEC	performance,	and	in	the	next	section,	we	look	at	the	effects	of	combining	this	strategy	with	that	of	introducing	π-stacking	interactions	(see	Section	4)	within	the	coordination	sphere	of	the	iridium	atom.			
5.2	 Combining	sterically-demanding	substituents	with	intramolecular	
π-stacking	In	Section	4,	the	advantageous	effects	of	π-stacking	effects	within	the	coordination	sphere	of	the	iridium	atom	were	demonstrated.	An	outstanding	example	was	the	exceptional	LEC	stability	found	for	[Ir(Ph2ppy)2(Phbpy)][PF6]	in	the	active	layer	with	a	lifetime	>2800	h	[36].	The	ligands	in	this	complex	combine	the	strategies	of	having	peripheral	bulky	substituents	and	π-stacking	interactions.	Other	examples	of	this	combined	approach	also	demonstrate	outstanding	LEC	performances.	Scheme	8	shows	a	series	of	ligands	derived	from	6-phenyl-2,2'-bipyridine	(Hbpy)	in	which	the	4-position	carries	particularly	bulky	groups.	Inclusion	of	the	6-phenyl	ring	ensures	intra-cation	π-stacking	in	each	[Ir(ppy)2(ZC6H4bpy)]+	or	[Ir(ppy)2(Z2C6H3bpy)]+	derivative	(Z	=	substituent).	LECs	with	[Ir(ppy)2(Phbpy)][PF6],		
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		[Ir(ppy)2{(MeO)2C6H3bpy}][PF6],	[Ir(ppy)2{(decylO)2C6H3bpy}][PF6]	or	[Ir(ppy)2(dendbpy)][PF6]	blended	with	the	ionic	liquid	[BMIM][PF6]	in	the	active	layer	(Ir-iTMC	:	[BMIM][PF6]	=	4	:	1)	were	operated	with	a	constant	voltage	of	3	V.	Their	performances	were	significantly	influenced	by	the	steric	demands	of	the	4-substituent	in	the	N^N	ligand	[51].	While	the	value	of	Lmax	increases	along	the	series	Phbpy	(109	cd	m–2)	<	(MeO)2C6H3bpy	(183	cd	m–2)	<	(decylO)2C6H3bpy	(284	cd	m–2),	the	introduction	of	the	dendritic	wedge	in	dendbpy	gave	a	LEC	that	failed	to	turn	on	after	48	h	under	a	3	V	or	4	V	bias.	All	LECs	were	very	slow	to	turn-on	(237	h	for	[Ir(ppy)2(Phbpy)][PF6]	to	33	h	for	[Ir(ppy)2{(decylO)2C6H3bpy}][PF6]);	the	slow	turn-on	of	the	LEC	with	[Ir(ppy)2(Phbpy)][PF6]	in	the	emissive	layer	was	also	observed	in	a	separate	investigation	[46].	A	possible	explanation	is	the	formation	of	crystalline	zones	in	the	spin-coated	thin	films	in	the	active	layers.	LEC	lifetimes	show	a	dependence	upon	the	peripheral	substituent:	t1/2	=	1290	h	for	[Ir(ppy)2(Phbpy)][PF6],	950	h	for	[Ir(ppy)2{(MeO)2C6H3bpy}][PF6]	and	660	h	for	[Ir(ppy)2{(decylO)2C6H3bpy}][PF6].	Under	conditions	of	a	constant	bias	driving	mode,	this	study	[51]	achieved	efficient	and	long-lived	orange-emitting	LECs	with	electroluminophores	featuring	the	protective	intra-cation	π-stacking	motif.	Although	shorter	turn-on	times	were	observed	when	bulky	peripheral	groups	were	present,	excessive	steric	demand	appears	to	lead	to	too	great	an	inter-complex	separation	in	the	active	layer	and	a	failure	of	the	LEC	to	function.		The	development	of	a	pulsed	current	driving	mode	for	LECs	[65,66]	has	an	advantageous	effect	on	turn-on	times	and	stabilizes	the	doped	regions	in	the	
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LEC	leading	to	longer	lifetimes.	Extension	of	the	series	of	ligands	discussed	above	to	Ph2Ndendbpy	(Scheme	8)	demonstrated	not	only	the	advantages	of	the	combined	effects	of	sterically-demanding	substituents	with	intramolecular	π-stacking,	but	also	the	use	of	a	pulsed	driving	mode.	A	LEC	in	configuration	ITO/PEDOT:PSS/Ir-iTMC:IL	(4	:	1)/Al	reached	L	=	75	cd	m–2	in	0.4	h	(Lmax	=	83	cd	m–2)	and	showed	a	value	of	t1/2	=	250	h	[67].	Interestingly,	LECs	in	the	same	configuration	as	the	latter	but	with	[Ir(ppy)2(BrC6H4bpy)][PF6]	or	[Ir(ppy)2(Br2C6H3bpy)][PF6]	as	electroluminophore	show	fast	turn-on	times	and	moderate	Lmax	values	(115	and	101	cd	m–2,	respectively)	but	only	have	short	lifetimes	(8.3	and	2.9	h,	respectively)	[67].	The	reasons	for	this	behaviour	are	unclear,	but	the	same	trend	has	also	been	observed	in	a	series	of	copper-based	LECs	in	which	the	N^N	ligand	bears	bromo-substituents	[68].	
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Scheme	8.		6-Phenyl-2,2'-bipyridine	(Phbpy)	and	related	ligands	bearing	bulky	4-substituents.		
	
6				 Blue-shifting	the	emission	In	the	last	two	sections,	we	focused	on	strategies	for	improving	LEC	stability	and	turn-on	times.	We	now	move	to	approaches	for	tuning	the	emission	colour.	As	stated	in	the	introduction,	many	orange-emitting	Ir-iTMCs	are	known	and	most	of	the	complexes	decribed	in	the	previous	section	give	rise	to	orange	emissions.	Complementary	deep-blue	emitters	are	essential	in	order	to	achieve	white-light-emitting	LECs	by	colour-blending.	It	is	also	desirable	to	develop	highly-stable	deep-red	emitters	(see	Section	7).	The	partitioning	of	HOMO	and	LUMO	character	of	an	[Ir(C^N)2(N^N)]+	complex	on	the	Ir/C^N	or	N^N	domains	(Fig.	2)	is	one	of	the	appeals	of	this	class	of	compound	since	it	allows	emission	colour-tuning	by	variation	of	the	electronic	properties	of	the	C^N	and/or	N^N	domains.	For	example,	attaching	electron-withdrawing	substituents	to	the	C^N	ligand	reduces	the σ-donation	from	the	cyclometallating	ligand	to	the	iridium	centre,	resulting	in	a	lowering	of	the	energy	of	the	HOMO	(recall	that	the	HOMO	is	localized	on	the	{Ir(C^N)2}	domain).	However,	attaining	blue	solution	PL	by	careful	design	of	ligands	in	a	[Ir(C^N)2(N^N)]+	complex	is,	unfortunately,	not	a	prerequisite	for	blue	EL	from	a	LEC	containing	the	same	emitting	species.	A	red-shift	on	going	from	PL	to	EL	is	often	observed	for	wide-bandgap	electroluminophores.	It	is	thought	that	this	phenomenon	may	arise	from	morphological	effects	and	light-out	coupling	effects	[69].		 There	are	two	general	approaches	to	attaining	blue-emitters:	attaching	electron-withdrawing	substituents	to	the	C^N	ligand	or	the	use	of	nitrogen-rich	
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heterocyclic	ligands.	While	we	describe	these	approaches	below	in	separate	sections	to	aid	the	reader,	the	tendency	for	investigations	to	include	comparisons	of	series	of	compounds	as	well	as	the	use	of	more	than	one	structure-property	strategy	within	a	single	compound,	leads	to	an	unavoidable	overlap	of	topics	within	Sections	6.1–6.4.			
6.1	 Introducing	fluoro-substituents	into	cyclometallating	ligands		The	presence	of	electron-withdrawing	groups	in	the	cyclometallating	ligands	in	[Ir(C^N)2(N^N)]+	complexes	lowers	the	energy	of	the	HOMO,	thereby	increasing	the	energy	of	emission	with	a	concomitant	shift	towards	the	blue.	Fluoro-substituents	are	the	most	common	choice	and	Scheme	9	shows	the	structures	of	selected	fluorinated	Hppy	ligands.		
	Scheme	9.	Structures	of	fluoro-derivatives	of	Hppy.		In	2007,	Bolink	et	al.	showed	that	[Ir(dfppy)2(3,4,7,8-Me4phen)][PF6]	(see	Schemes	7	and	9)	emitted	blue	light	(PL	λemmax	=	476	nm	in	thin	film)	with	a	PLQY	of	52%.	A	LEC	in	configuration	ITO/Ir-iTMC/Al	under	a	bias	of	3	V	reached	a	current	efficiency	of	5.5	cd	A–1.	However,	the	EL	maximum	was	red-shifted	by	80	nm	with	respect	to	the	PL,	leading	to	a	green-emitting	LEC.	The	results	of	DFT	and	TD-DFT	calculations	revealed	that	[Ir(dfppy)2(3,4,7,8-Me4phen)]+	possesses	
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three	low-energy	triplet	states	which	differ	by	only	0.1	eV,	leading	to	respective	emission	wavelengths	differing	by	~60	nm.	One	triplet	state	leads	to	a	green	emission,	while	two	lead	to	more	blue-shifted	emissions	[69,70].	The	solution	PL	maximum	for	the	related	complex	[Ir(dfppy)2(2,9-nBu2phen)][PF6]	(2,9-
nBu2phen	=	2,9-di-nbutyl-1,10-phenanthroline)	is	at	492	nm,	and	a	red-shift	to	502	nm	is	observed	on	going	to	the	EL	of	a	LEC	in	configuration	ITO/PEDOT:PSS/Ir-iTMC/Al	[71].		 The	series	[Ir(5-Fppy)2(4,4'-tBu2bpy)][PF6],	[Ir(3-Fppy)2(4,4'-
tBu2bpy)][PF6],	[Ir(dfppy)(ppy)(4,4'-tBu2bpy)][PF6]	and	[Ir(Me-dfppy)2(4,4'-
tBu2bpy)][PF6]	combine	the	effects	of	bulky	substituents	in	the	N^N	domain	with	electron-withdrawing	fluoro-substituents	in	the	cyclometallating	ligand.	Although	these	were	green	rather	than	blue	emitters,	the	results	are	important	for	demonstrating	the	effects	of	incorporating	different	numbers	of	fluoro-groups.	[Ir(5-Fppy)2(4,4'-tBu2bpy)]+,	[Ir(3-Fppy)2(4,4'-tBu2bpy)]+	and	[Ir(dfppy)(ppy)(4,4'-tBu2bpy)]+	contain	two	F	atoms	(either	as	two	monosubstituted	C^N	ligands	or	as	one	disubstituted	[dfppy]–),	while	[Ir(Me-dfppy)2(4,4'-tBu2bpy)]+	has	four	F	atoms.	The	variation	in	substituents	has	negligible	effect	on	the	PL	(λemmax	=	552–555	nm)	and	PLQY	(52–69%),	and	the	maximum	luminances	of	LECs	in	configuration	ITO/PEDOT:PSS/Ir-iTMC:[BMIM][PF6]	(4:1)/Al	and	operated	using	a	pulsed	current	were	similar	(Lmax	=	1028–1095	cd	m–2).	However,	the	stability	of	the	LECS	over	time	showed	significant	variation.	LECs	with	[Ir(5-Fppy)2(4,4'-tBu2bpy)][PF6],	[Ir(3-Fppy)2(4,4'-tBu2bpy)][PF6]	or	[Ir(dfppy)(ppy)(4,4'-tBu2bpy)][PF6]	in	the	active	layer	had	t1/2	=	59.8,	48.3	or	55.0	h,	respectively.	A	shorter	lifetime	of	13.2	h	was	observed	for	the	LEC	containing	[Ir(Me-dfppy)2(4,4'-tBu2bpy)]+	(four	F	atoms)	
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[72].	The	instability	of	fluorine-containing	emitters	has	also	been	described	for	neutral	iridium(III)	complexes	used	in	OLEDs	[73,74].	Overall,	the	results	encourage	the	development	of	fluorine-free	blue-emitting	electroluminophores	(see	Section	6.2).	Nonetheless,	the	use	of	simple	fluoro	electron-withdrawing	groups	is	widely	applied,	and	further	examples,	especially	the	use	of	H(dfppy),	are	included	in	Sections	6.3	and	6.4.		
 Scheme	10.	Cyclometallating	ligands	with	electron-withdrawing	SF5	or	CF3	substituents	or	CF6-containing	substituents	(Hppz	=	1-phenyl-1H-pyrazole,	see	Section	6.3).		Introducing	the	strongly	electron-withdrawing	SF5	substituent	into	the	phenyl	ring	of	Hppy	(Scheme	10)	leads	to	MeCN	solution	PL	λemmax	values	of	482	and	496	nm	for	[Ir(5-SF5ppy)2(4,4'-tBu2bpy)][PF6]	and	[Ir(4-SF5ppy)2(4,4'-
tBu2bpy)][PF6],	respectively,	demonstrating	the	effects	of	regioisomerism	in	the	functionalized	C^N	ligand.	On	going	from	Hppy	to	Hppz-based	ligands	(Scheme	10),	this	effect	is	smaller	with	[Ir(5-SF5ppz)2(4,4'-tBu2bpy)][PF6]	and	[Ir(5-
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SF5ppz)2(4,4'-tBu2bpy)][PF6]	exhibiting	PL	λemmax	=	505	and	500	nm,	respectively	in	MeCN.	The	solution	emission	is	solvent	dependent,	shifting	to	497	and	494	nm,	respectively,	on	going	to	CH2Cl2.	These	blue/blue-green	emissions	appear	promising,	but	disappointingly,	LECs	in	configuration	ITO/PEDOT:PSS/Ir-iTMC:[BMIM][PF6]	(4:1)/Al	and	operated	using	a	pulsed	current	mode	showed	no	EL;	this	was	attributed	to	the	electrochemical	instability	of	the	SF5	group	[75].	The	effects	of	incorporating	the	electron-withdrawing	CF3	group	in	Ir-iTMCs	were	first	reported	in	2013	in	a	comparative	investigation	of	[Ir(4-CF3ppy)2(4,4'-Me2bpy)][PF6],	[Ir(4-CF3ppy)2(4,4'-tBu2bpy)][PF6],	[Ir(4-CF3ppy)2(phen)][PF6],	[Ir(4-CF3ppy)2(4,7-Me2phen)][PF6]	and	[Ir(4-CF3ppy)2(4,7-Ph2phen)][PF6]	(see	Schemes	7	and	10	for	ligands)	[76].	Solution	PL	(CH2Cl2),	LEC	EL	and	performance	data	are	summarized	in	Table	4.	Values	of	PLQY	range	from	61–67%	in	solution,	but	are	lower	(14–43%)	in	thin	films.	The	presence	of	the	CF3	group	leads	to	blue-shifted	solution	PL	(e.g.	compare	530	nm	for	[Ir(ppy)2(phen)][PF6]	[40]).	The	solution	PL	maxima	correspond	to	blue-green	emission	for	[Ir(4-CF3ppy)2(4,7-Me2phen)][PF6],	green	emissions	for	[Ir(4-CF3ppy)2(4,4'-Me2bpy)][PF6],	[Ir(4-CF3ppy)2(4,4'-tBu2bpy)][PF6]	and	[Ir(4-CF3ppy)2(phen)][PF6],	and	yellow-green	emission	for	[Ir(4-CF3ppy)2(4,7-Ph2phen)][PF6].	LECs	with	these	compounds	in	the	active	layer	all	show	green-yellow	electroluminescence	(Table	4)	which	is	blue-shifted	with	respect	to	EL	when	the	CF3	group	is	absent.	As	the	data	in	Table	4	demonstrate,	the	performances	of	the	LECs	are	strongly	influenced	by	the	operating	conditions	(constant	voltage	or	pulsed	current	mode),	in	particular	the	turn-on	time	to	reach	a	luminance	of	100	cd	m–2	and	the	device	stability.	Zysman-Colman	and	coworkers	have	carried	out	a	systemic	investigation	of	the	Ir-iTMCs	
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[Ir(C^N)2(4,4'-tBu2bpy)][PF6]	in	which	the	cyclometallating	ligands	are	H(5-CF3ppy),	H(5-OCF3ppy),	H(5-SCF3ppy)	and	H(5-SO2CF3ppy)	(Scheme	10)	[77].	A	small	regioisomeric	effect	on	the	solution	PL	(CH2Cl2)	is	observed	on	going	from	[Ir(4-CF3ppy)2(4,4'-Me2bpy)][PF6]	(λemmax	=	512	nm)	[76]	to	[Ir(5-CF3ppy)2(4,4'-Me2bpy)][PF6]	(λemmax	=	517	nm)	[77].	Of	the	series	in	this	study	[77],	the	PL	of	[Ir(5-CF3ppy)2(4,4'-Me2bpy)][PF6]	is	the	most	blue-shifted,	and	this	is	also	true	for	the	EL	of	LECs	in	configuration	ITO/PEDOT:PSS/Ir-iTMC:[BMIM][PF6]	(4:1)/Al.	For	a	given	electroluminophore,	the	EL	maximum	was	red-shifted	with	respect	to	the	PL,	leading	to	values	of	EL	λemmax	in	the	range	556–568	nm	(green-yellow	emission).	The	LECs	were	operated	under	a	pulsed-current	(50	or	100	A	m–2)	mode	and	the	brightest	device	was	with	[Ir(4-CF3ppy)2(4,4'-Me2bpy)][PF6]	in	the	active	layer;	Lmax	drops	from	987	to	427	cd	m–2	upon	reducing	the	pulsed-current	from	100	to	50	A	m–2.	An	important	conclusion	of	this	investigation	is	that	a	design	principle	of	obtaining	a	more	blue-shifted	emission	by	incorporating	increasingly	more	electron-withdrawing	substituents	in	the	C^N	domain	may	not	always	lead	to	the	desired	results.		Table	4.	Solution	PL	maxima	(CH2Cl2)	for	Ir-iTMCs	containing	the	[4-CF3ppy]–	C^N	ligand,	and	EL	maxima	and	performance	data	for	LECs	in	configuration	ITO/PEDOT:PSS/Ir-iTMC:[BMIM][PF6]	(4:1)/Al.	The	counter-ion	for	the	Ir-iTMC	was	[PF6]–.	Data	from	ref.	[76].	Ir-iTMC	 PL (CH2Cl2) 
λemmax / nm 
EL		
λemmax	/	nm 
Lmaxa	/		cd	m–1 tona,b / min tmaxa,c / min	 t1/2a,d / min	
[Ir(4-CF3ppy)2(4,4'-Me2bpy)]+	 515 547 623	(486) 7 (<1) 20	(29)	 9	(321)	[Ir(4-CF3ppy)2(4,4'-tBu2bpy)]+	 512 547 431	(852) 4 (<1) 10	(1)	 12	(172)	[Ir(4-CF3ppy)2(phen)]+	 520 555 512	(518) 11 (<1) 31	(37)	 40	(530)	[Ir(4-CF3ppy)2(4,7-Me2phen)]+	 486,	501 551 283	(195) 15 (<2)   31	(15)	 12	(166)	[Ir(4-CF3ppy)2(4,7-Ph2phen)]+	 518 556 1094	(454) 17 (<2) 38	(38)	 13	(580)	
 35 
aThe	first	value	is	for	constant-voltage	operation	(4	V);	the	value	in	parentheses	is	for	pulsed-current	operation	(100	A	m–2	per	pulse).	cton	=	time	to	reach	a	luminance	of	100	cd	m–2.		ctmax	=	time	to	reach	Lmax.	dt1/2	=	time	from	Lmax	to	Lmax/2.		
	
6.2	 Fluorine-free	blue	emitters:	use	of	other	substituents		In	order	to	circumvent	possible	LEC	instability	effects	of	fluorine-containing	Ir-iTMCs,	it	is	desirable	to	target	electroluminophores	containing	alternative	electron-withdrawing	substituents	in	the	C^N	domain.	Theoretical	investigations	have	demonstrated	that	the	use	of	an	electron-withdrawing	alkylsulfonyl	group	in	place	of	fluorine	is	one	possible	strategy	for	blue-shifting	the	emission	[78],	and	a	comparison	of	the	photophysical	properties	of	a	series	of	[Ir(C^N)2(bpy)][PF6]	complexes	in	which	the	cyclometallating	ligands	contained	fluoro,	sulfane	or	sulfone	groups	confirmed	that	alkylsulfonate-substituted	complexes	were	green	emitters	[79].	Scheme	11	shows	examples	of	methylsulfonyl-functionalized	cyclometallating	ligands.	One	of	the	first	studies	to	focus	on	their	use	involved	Hmsppz	which	combines	a	MeSO2-substituted	phenyl	ring	with	an	electron-rich	pyrazolyl-unit,	both	of	which	lead	to	an	increase	in	the	HOMO–LUMO	separation	(see	Section	6.3).	LECs	in	configuration	ITO/PEDOT:PSS/Ir-iTMC:[BMIM][PF6]	(4:1)/Al	containing	[Ir(msppz)2(N^N)][PF6]	(N^N=	bpy,	4,4'-tBu2bpy,	4,4'-(MeS)2bpy,	6-Ph-4,4'-
tBu2bpy	or	6-Ph-4-MeSbpy)	were	operated	under	a	pulsed	current	mode	leading	to	LEC	turn-on	times	of	the	order	of	seconds.	In	solution,	the	complexes	are	green	or	blue-green	emitters	(PL	λemmax	in	the	range	504	to	518	nm)	and	LECs	emit	green	light.	The	LECs	were	characterized	by	high	luminances	(790	to	1127	cd	m–2	when	the	current	density	was	100	A	m–2)	but	did	not	show	long-term	
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stability	[78].	Short	lifetimes	were	also	found	for	LECs	with	[Ir(5-msppy)2(bpy)][PF6],	[Ir(4-msppy)2(bpy)][PF6],	[Ir(3-msppy)2(bpy)][PF6],	[Ir(5-msppy)2(pypz)][PF6]	and	[Ir(4-msppy)2(pypz)][PF6]	in	configuration	ITO/PEDOT:PSS/Ir-iTMC:[BMIM][PF6]	(4	:	1)/Al		and	with	a	pulsed	current	operating	mode	[28,80].	All	are	green-emitting	devices.	The	substitution	position	of	the	MeSO2	group	in	the	cyclometallating	ring	in	the	[Ir(msppy)2(bpy)][PF6]	has	a	notable	affect	on	the	value	of	Lmax	(4-msppy	940	cd	m–2,	3-msppy	206	cd	m–
2,	5-msppy	182	cd	m–2).	Disappointingly,	in	addition	to	having	lifetimes	of	only	a	few	minutes,	LECs	with	[Ir(5-msppy)2(pypz)][PF6]	or	[Ir(4-msppy)2(pypz)][PF6]	in	the	active	layer	also	exhibited	low	luminance	(≤141	cd	m–2)	[28,80].				
								Scheme	11.		Cyclometallating	ligands	with	electron-withdrawing	methylsulfonyl	substituents	(Hppz	=	1-phenyl-1H-pyrazole,	see	Section	6.3).		
	Scheme	12.	Ir-iTMCs	which	incorporate	cyclometallating	ligands	combining	a	pyridyl	ring	with	electron-donating	functionalities;	all	were	isolated	as	the	hexafluoridophosphate	salts	[81].			
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Another	approach	towards	fluorine-free	blue-green	emitters	uses	a	combination	of	a	cyclometallating	pyridyl	ring	with	electron-donating	functionalities	(Scheme	12)	[81].	DFT/TDDFT	studies	indicate	that	this	combination	is	electronically	similar	to	using	the	H(dfppy)	cyclometallating	ligand.	In	solution,	the	compounds	shown	in	Scheme	12	are	bright	blue/green	emitters	(PL	λemmax	510–517	nm	);	in	thin	film,	the	maxima	shift	into	the	range	514–525	nm.	The	emissions	of	LECs	in	configuration	ITO/PEDOT:PSS/Ir-iTMC:[BMIM][PF6]	(4	:	1)/Al	and	operated	in	a	pulsed	current	mode	showed	further	shifting	into	the	green	region	with	EL		
λemmax	=	550	nm.	The	devices	showed	extremely	fast	turn-on	times	(<0.1s	to	reach	L	=	100	cd	m–2).	The	brightest	LEC	contained	[Ir(bpy2-C)2(4,4'-
tBu2bpy)][PF6]	and	achieved	a	maximum	luminance	of	1054	cd	m–2.	Once	again,	however,	device	stability	was	low	[81].		 The	number	of	investigations	dealing	with	electron-withdrawing	groups	to	replace	fluorine	in	the	C^N	ligands	remains	few.	The	results	above	show	proof-of-principle	for	pushing	the	emission	towards	the	blue,	but	have	not	yet	yielded	bright	and	stable	blue-emitting	LECs.	
	
6.3	 Cyclometallating	ligands	with	nitrogen-rich	heterocycles	Although	[Ir(ppy)2(bpy)]+	is	the	archetype	Ir-iTMC,	many	Ir-iTMCs	incorporate	nitrogen-rich	heterocycles	in	which	the	pyridine	unit	in	the	[ppy]–	ligand	is	replaced	by	a	pyrazole,	triazole,	tetrazole,	imidazole	or	related	unit.	The	effects	of	going	from[Ir(ppy)3]	to	[Ir(ppz)3]	(Hppz,	see	Scheme	13)	was	first	described	by	Thompson	and	co-workers	[82]	and	the	ligand	replacement	strategy	was	later	extended	to	cationic	[Ir(ppz)2(N^N)]+	species	for	application	in	LECs	[83].	The	triplet-state	energies	of	[ppy]–	and	bpy	are	similar	[84].	In	contrast,	the	triplet-
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state	energy	of	[ppz]–	is	higher	than	that	of	bpy,	and	a	[Ir(ppz)2(N^N)]+	complex	exhibits	an	emission	energy	that	is	higher	than	that	of	a	corresponding	[Ir(ppy)2(N^N)]+	complex.	Thus,	values	of	λemmax	are	blue-shifted.	For	example,	the	solution	PL	of	[Ir(ppz)2(bpy)][PF6]	exhibits	λemmax	=	563	nm	in	MeCN	and	554	nm	in	CH2Cl2	[83]	compared	to	585	nm	in	MeCN	solution	[40]	and	595	nm	in	CH2Cl2	[41]	for	[Ir(ppy)2(bpy)][PF6].	Further	blue-shifting	is	achieved	by	introducing	electron-withdrawing	groups	(commonly	fluoro)	into	the	cyclometallating	ligands,	and	the	combination	of	nitrogen-rich	C^N	ligands	and	fluoro-substituents	is	discussed	in	Section	6.3.	
	Scheme	13.	Examples	of	ligands	with	nitrogen-rich	cyclometallating	ligands.			 A	series	of	yellow	or	yellow-green	emitting	LECs	has	been	reported	by	Choe	and	coworkers	using	[Ir(ppz)2(phen)][PF6]-based	electroluminophores.	The	solution	PL	spectrum	of	[Ir(ppz)2(4,7-Ph2phen)][PF6]	(see	Scheme	7	for	4,7-Ph2phen)	has	a	value	of	λemmax	=	575	nm	and	a	LEC	shows	an	EL	λemmax	of	574	nm;	there	is	a	shift	to	556	nm	when	[Ir(ppz)2(4,7-Ph2phen)][PF6]	is	blended	with	[EMIM][PF6]	(1:1)	in	a	thin	film	[85].	These	emissions	are	blue-shifted	with	respect	to	those	with	the	analogous	[ppy]–-containing	complex	(PL	λemmax	=	605	and	EL	λemmax	=	600	nm)	[61].	LECs	with	configuration	ITO/PEDOT:PSS/Ir-iTMC:[EMIM][PF6]	(1:1)/Al	containing	[Ir(ppz)2(4,7-Ph2phen)][PF6]	or	[Ir(ppz)2(3,4,7,8-Me4phen)][PF6]	exhibit	high	luminance	(Lmax	=	5488	and	5236	
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cd	m–2,	respectively).	These	drop	to	5199	and	4751	cd	m–2	if	no	[EMIM][PF6]	is	blended	with	the	electroluminophore	[85].	On	going	from	[Ir(ppz)2(3,4,7,8-Me4phen)][PF6]	to	[Ir(ppz)2(5,6-Me2phen)][PF6]	(see	Scheme	7	for	5,6-Me2phen),	the	EL	maximum	shifts	from	537	to	555	nm,	and	from	542	to	546	nm	when	the	compound	is	combined	with	[EMIM][PF6]	in	a	thin	film.	A	LEC	containing	[Ir(ppz)2(5,6-Me2phen)][PF6]	in	a	configuration	ITO/PEDOT:PSS/Ir-iTMC/Al	is	bright	with	Lmax	=	4052	cd	m–2.	Choe	and	coworkers	investigated	the	effects	of	adding	different	ionic	liquids	to	the	active	layer	and	observe	a	decrease	in	Lmax	to	3850	cd	m–2	for	IL	=	[BMIM][PF6],	3300	cd	m–2	for	[HMIM][PF6]	and	2615	cd	m–2	for	[EMIM][PF6]	[86].	Replacing	[ppy]–	in	[Ir(ppy)2(N^N)]+	where	N^N	=	5-methyl-1,10-phenanthroline	(5-Mephen)	or	2,9-di-nbutyl-1,10-phenanthroline	)	by	[dfppy]–	or	[ppz]–	produces	the	anticipated	blue-shift	in	the	PL	[71,87].	LECs	in	configuration	ITO/PEDOT:PSS/Ir-iTMC/Al	incorporating	[Ir(dfppy)2(5-Mephen)][PF6]	or	[Ir(ppz)2(5-Mephen][PF6]	emitted	green	or	yellow	light	(EL	λemmax	=	513	or	559	nm)	and	achieved	values	of	Lmax	=	2430	cd	m–2	(under	a	bias	of	10	V)	or	1549	cd	m–2	(under	a	bias	of	9	V),	respectively.	Under	higher	bias,	LEC	stability	was	low	[87].	The	trend	for	higher	luminance	on	going	from	[ppz]–	to	[dfppy]–	was	also	observed	for	the	pair	of	electroluminophores	[Ir(ppz)2(2,9-nBu2phen)][PF6]	(Lmax	=	773	cd	m–2,	under	a	9	V	bias)	and	[Ir(dfppy)2(2,9-nBu2phen)][PF6]	(Lmax	=	947	cd	m–2,	under	an	8.5	V	bias).	These	LECs	emitted	green	(EL	λemmax	=	530	nm)	and	blue-green		(EL	λemmax	=	502	nm)	light,	respectively	[71].	Combining	the	strategies	of	nitrogen-rich	heterocyclic	cyclometallating	ligands	and	the	introduction	of	electron-withdrawing	fluoro-groups,	leads	to	the	use	of	H(dfppz)	(Fig.	9).	This	cyclometallating	ligand	is	frequently	used	to	blue-
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shift	the	emissions	of	neutral	[Ir(C^N)3]	complexes	for	application	in	OLEDs	[88].	While	[Ir(ppy)2(Phbpy)][PF6]	is	an	orange	emitter	with	a	PL	λemmax	=	595	nm	(see	Section	4),	[Ir(dfppz)2(Phbpy)][PF6]	exhibits	an	emission	maximum	at	517	nm	(MeCN	solution).	Functionalization	of	the	bpy	domain	with	electron-donating	NMe2	groups	(see	Section	6.4)	results	in	a	further	shift	in	PL	towards	the	blue,	viz.	505	nm	for	[Ir(dfppz)2(4-Me2N-Phbpy)][PF6]	and	501	nm	for	[Ir(dfppz)2(4,4'-(Me2N)2-Phbpy)][PF6]	(4-Me2N-Phbpy	=	4-(N,N-dimethylamino)-6-phenyl-2,2'-bipyridine,	4-(Me2N)2-Phbpy	=	4,4'-bis(N,N-dimethylamino)-6-phenyl-2,2'-bipyridine).	The	design	principle	of	these	Phbpy-based	complexes	includes	a	π-stacking	interaction	(Section	4)	between	phenyl	and	difluorophenyl	rings	to	enhance	LEC	stability	(Fig.	9a).	LECs	in	configuration	ITO/PEDOT:PSS/Ir-iTMC:[BMIM][PF6]	(4:1)/Al	and	operated	under	pulsed	current	driving,	reached	values	of	Lmax	=	52,	572	and	205	cd	m–2	for	ancillary	ligands	Phbpy,	4-Me2N-Phbpy	and	4,4'-(Me2N)2-Phbpy,	respectively.	Red-shifting	on	going	from	solution	PL	to	device	EL	resulted	in	EL	maxima	of	545,	550	and	574	nm,	respectively,	and	thus	the	LECs	emit	green	rather	than	blue	light	[89].	The	complex	cations	[Ir(dfppz)2(sp)]+,	[Ir(dfppz)2(Phsp)]+	and	[Ir(dfppz)2(Ph2sp)]+	(see	Fig.	9	for	ligand	structures)	were	designed	to	include	a	bulky	peripheral	functionality	in	the	bpy	ligand	(see	Section	5)	and	represent	a	series	in	which	there	is	no,	one	or	two	phenyl	and	difluorophenyl	ring	π-stacking	interactions	[54].	Figure	9b	shows	the	two	stacking	contacts	in	[Ir(dfppz)2(Ph2sp)]+.	Blue	emissions	are	exhibited	by	CH2Cl2	solutions	of	[Ir(dfppz)2(sp)][PF6]	(PL	λemmax	=	500	nm),	[Ir(dfppz)2(Phsp)][PF6]	(504	nm)	and	[Ir(dfppz)2(Ph2sp)][PF6]	(505	nm)	with	PLQY	in	the	range	38–47%.	LECs	in	configuration	ITO/PEDOT:PSS/Ir-iTMC:[BMIM][PF6]	(20wt	%	IL)/Al	and	under	a	
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3.4	V	bias	reached	Lmax	=	25.5,	5.76	and	10.6	cd	m–2	in	54,	390	and	96	min,	respectively,	but	values	of	the	EL	maxima	are	not	reported.	The	longest-lived	LEC	of	the	series	is	that	with	[Ir(dfppz)2(Phsp)][PF6]	(585	min),	but	this	is	at	the	expense	of	a	long	turn-on	time.		
		 	 		 	 	 	 (a)	 	 	 	 (b)	Fig.	9.	Structures	of	H(dfppz)	and	the	ancillary	ligands	sp,	Phsp	and	Ph2sp.	The	crystallographically	determined	structures	of	(a)	[Ir(dfppz)2(Phbpy)]+	in	the	[PF6]–	salt	(CSD	refcode	TEPSAK	[89])	and	(b)	[Ir(dfppz)2(Ph2sp)]+	in	the	[PF6]–	salt	(CSD	refcode	GEMXED	[54]).		Phenylimidazoles	exhibit	high	triplet-energy	levels,	and	have	been	shown	to	lead	to	greenish-blue	and	blue	phosphorescent	iridium(III)	complexes	[90,91,92].	However,	only	a	few	cationic	Ir-iTMCs	containing	phenylimidazoles	as	the	cyclometallating	ligands	have	been	reported.	He	et	al.	have	described	the	syntheses,	photophysical	properties	and	performances	in	LECs	of	[Ir(dphim)2(bpy)][PF6],	[Ir(dphim)2(pzpy)][PF6]	and	[Ir(buphim)2(pzpy)][PF6]	(pzpy	=	2-(1H-pyrazol-1-yl)pyridine;	Hdphim	and	Hbuphim	are	shown	in	Scheme	13)	[93].	In	solution,	[Ir(dphim)2(bpy)][PF6]	is	an	orange-red	emitter	(PL	λemmax	=	591	nm	and	PLQY	=	13%).	The	effect	of	replacing	the	bpy	ligand	by	the	nitrogen-rich	pzpy	ligand	(see	Section	6.4)	to	give	[Ir(dphim)2(pzpy)][PF6]	is	to	blue-shift	the	solution	emission	to	500	nm.	Similarly,	
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[Ir(buphim)2(pzpy)][PF6]	exhibits	a	green-blue	emission	(PL	λemmax	=	510	nm).	LECs	with	configuration	ITO/PEDOT:PSS/Ir-iTMC/Al	were	operated	under	constant	bias.	With	[Ir(dphim)2(bpy)][PF6]	in	the	active	layer,	a	LEC	reached	Lmax	=	50.3	cd	m–2	in	285	min	when	driven	at	2.5	V,	and	354	cd	m–2	in	16.5	min	under	a	3.0	V	bias.	The	EL	λemmax	of	578	nm	is	blue-shifted	with	respect	to	solution	(591	nm);	values	of	EL	λemmax	=	508	or	509	nm	for	LECs	containing	[Ir(dphim)2(pzpy)][PF6]	or	[Ir(buphim)2(pzpy)][PF6]	compare	with	solution	PL	maxima	of	500	or	510	nm.	Compared	to	the	LEC	containing	[Ir(dphim)2(bpy)][PF6],	those	with	[Ir(dphim)2(pzpy)][PF6]	or	[Ir(buphim)2(pzpy)][PF6]	required	a	higher	bias	(4.0	V)	to	turn	on	and	reached	lower	maximum	luminances	[93].			Triazole-based	cyclometallating	ligands	are	readily	prepared	using	Click	chemistry	[94,95].	This	synthetic	methodology	gives	a	convenient	means	of	introducing	different	functionalities,	thereby	tuning	the	emission	colour	of	Ir-iTMCs	containing	triazole-based	C^N	ligands.	Zysman-Colman	and	coworkers	[96]	have	demonstrated	PL	emission	colours	ranging	from	yellow	to	sky-blue	in	a	series	of	[Ir(C^N)2(N^N)][PF6]	complexes	in	which	H(C^N)	is	H(Phtl)	(Scheme	13)	or	a	difluoro-derivative	(see	Section	6.1)	and	the	N^N	ligand	is	bpy	or	4,4'-
tBu2bpy.	The	benzyl	group	in	H(Phtl)	(Scheme	13)	was	selected	to	protect	the	iridium(III)	centre	(Fig.	10)	[96,97],	and	has	been	similarly	employed	by	the	DeCola	group	[98,99].	Solution	PL	spectra	of	[Ir(Phtl)2(bpy)][PF6]	(and	[Ir(Phtl)2(4,4'-tBu2bpy)][PF6]	are	blue-shifted	with	respect	to	those	of	[Ir(ppy)2(bpy)][PF6]	(λemmax	=	585	nm	in	MeCN	solution	[40],	595	nm	in	CH2Cl2	[41])	and	[Ir(ppy)2(4,4'-tBu2bpy)][PF6],	and	PLQY	values	increase.	However,	replacing	the	[ppz]–	cyclometallating	ligand	in	[Ir(ppz)2(bpy)][PF6]	(PL	λemmax	=	
 43 
563	nm	in	MeCN,	554	nm	in	CH2Cl2)	[83]	by	[Phtl]–	in	[Ir(Phtl)2(bpy)][PF6]	(PL	
λemmax	=	580	nm	in	MeCN)	[96]	is	not	accompanied	by	a	blue-shift	in	PL.	Further	tuning	of	the	emission	colour	by	introducing	fluoro-substituents	into	triazole-based	cyclometallating	ligands	is	detailed	in	Section	6.4.	
	Fig.	10.		The	structure	of	the	[Ir(Phtl)2(bpy)]+	cation	in	[Ir(Phtl)2(bpy)][PF6]	showing	the	protecting	influence	of	the	benzyl	substituents	in	the	C^N	ligands	(CSD	refcode	RAPYAK)	[96].		A	move	from	triazole	to	tetrazole-containing	cyclometallated	ligands	encountered	a	problem	in	that	the	reaction	between	IrCl3·xH2O	with	Hprtz	(Scheme	13)	did	not	produce	the	anticipated	[Ir2(prtz)4Cl2]	dimer.	However,	use	of	a	solvento	approach	(see	Section	2)	gave	[Ir(prtz)2(NCMe)2][BF4]	which	subsequently	reacted	with	bpy,	phen	or	4,4'-tBu2bpy	to	yield	the	corresponding	[Ir(prtz)2(N^N)][BF4]	salts	[38].	The	incorporation	of	the	tetrazole-containing	C^N	ligand	shifts	the	emission	of	the	[Ir(C^N)2(N^N)]+	complex	further	to	the	blue	with	respect	to	pyrazole	or	triazole-containing	analogues.	In	solution,	[Ir(prtz)2(bpy)][BF4],	[Ir(prtz)2(phen)][BF4]	and	[Ir(prtz)2(4,4'-tBu2bpy)][BF4]	are	blue-green	emitters	(PL	λemmax	~	540	nm)	with	high	PLQYs	(55–70%).	Neat	thin	films	of	the	complexes	had	emission	maxima	in	the	range	520–535	nm;	thin	films	in	a	PMMA	matrix	were	blue-shifted	by	30–40	nm	with	respect	to	the	neat	
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films.	The	best	performing	Ir-iTMC	of	the	series	was	[Ir(prtz)2(4,4'-
tBu2bpy)][BF4]	and	LECs	with	this	salt	in	the	active	layer	(blended	with	[BMIM][PF6]	in	an	Ir-iTMC:IL	ratio	=	4:1)	reached	a	value	of	Lmax	=	310	cd	m–2.	Although	this	is	particularly	high	for	a	blue-emitting	device,	the	LEC	was	of	limited	stability	with	the	luminance	dropping	to	20	cd	m–2	after	2	hours.	This	short	lifetime	was	rationalized	in	terms	of	unbalanced	charge	transport	within	the	LEC	[38].					
6.4	 N^N	ligands	with	electron-donating	substituents	or	nitrogen-rich	
heterocycles	In	contrast	to	the	orange-emitting	[Ir(ppy)2(bpy)][PF6]	(λemmax	=	585	nm	in	MeCN	solution	[40],	595	nm	in	CH2Cl2	[41]),	[Ir(ppy)2(4,4'-(Me2N)2bpy)][PF6]	with	strongly	electron-donating	N,N-dimethylamino	substituents	in	the	N^N	ligand	is	a	blue-green	emitter	[100].	The	blue-shift	in	PL	on	going	to	[Ir(ppy)2(4,4'-(Me2N)2bpy)][PF6]	(λemmax	=	520	nm	with	shoulder	at	491	nm)	is	due	to	the	destabilization	of	the	LUMO	which	is	localized	on	the	N^N	ligand	(Fig.	2).	This	example	demonstrates	a	general	strategy	of	incorporating	electron-donating	groups	into	the	N^N	domain.	The	520	nm	emission	of	[Ir(ppy)2(4,4'-(Me2N)2bpy)][PF6]	shifts	to	higher	energy	493	nm	when	[ppy]–	is	replaced	by	[dfppz]–	giving	a	blue-emission	in	solution	[89].	However,	this	does	not	carry	through	to	the	EL	of	a	LEC	with	[Ir(ppy)2(4,4'-(Me2N)2bpy)][PF6]	in	the	active	layer	(EL	λemmax	=	551	nm).	A	LEC	in	configuration	ITO/PEDOT:PSS/Ir-iTMC:[BMIM][PF6]	(4:1)/Al	has	a	fast	turn-on	(ton	<	5	s)	but	is	not	bright	(Lmax	=	67	cd	m–2)	nor	stable	(t1/2	=	0.01	h).	This	poor	performance	is	attributed	to	possible	protonation	of	the	amino-groups	[89].	
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	Scheme	14.		Examples	of	N^N	ligands	with	nitrogen-rich	heterocycles.		Scheme	14	gives	the	structures	of	a	range	of	N^N	ligands	which	incorporate	one	or	two	nitrogen-rich	heterocycles.	Compared	to	the	archetype	[Ir(ppy)2(bpy)]+,	replacing	one	or	both	pyridine	rings	by	heterocycles	such	as	pyrazine,	imidazole,		triazine	or	tetrazine,	leads	to	an	increase	in	the	HOMO-LUMO	gap	and	a	blue-shift	in	the	emission	of	the	Ir-iTMC.	This	was	initially	shown	by	Qiu	and	coworkers	[101]	who	compared	the	emission	of	[Ir(ppy)2(pzpy)][PF6]	(MeCN	solution	PL	λemmax	=	475	nm)	with	that	of	[Ir(ppy)2(bpy)][PF6]	(PL	λemmax	=	585	nm	in	MeCN	[40]).	A	LEC	device	in	configuration	ITO/PEDOT:PSS/Ir-iTMC/Al	
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with	[Ir(ppy)2(pzpy)][PF6]	in	the	active	layer	exhibits	a	blue-green	emission	(EL	
λemmax	=	486	nm).	The	value	of	Lmax	=	52	cd	m–2	increased	to	94	cd	m–2	by	using	an	~3:1	blend	of	[Ir(ppy)2(pzpy)][PF6]	and	[BMIM][PF6].	When	reported	in	2008,	the	LEC	efficiency	of	4.3	cd	A–1	was	one	of	the	highest	for	a	blue-green	LEC	[101].	Interestingly,	salts	of	[Ir(ppy)2(pzpy)]+	have	also	been	employed	in	the	active	layers	of	simple-architecture,	solution-processed	OLEDs.	By	doping	at	low	concentrations	(2	or	3	wt%)	and	controlling	anion	migration,	Duan	and	cowrokers	achieved	efficient	blue-green	OLEDs,	the	highest	value	of	Lmax	being	14200	cd	m–2	[16].	The	LEC	EL	maximum	of	486	nm	for	[Ir(ppy)2(pzpy)][PF6]	can	be	further	blue-shifted	to	460	nm	by	combining	the	strategies	of	using	the	nitrogen-rich	pzpy	with	the	presence	of	electron-withdrawing	fluoro-groups	in	the	C^N	domains	(see	Section	6.3)	[101].	The	short	LEC	lifetime	of	32	min	was	extended	to	218	min	by	replacing	the	[ppy]–	ligands	in	[Ir(ppy)2(pzpy)][PF6]	by	[ppz]–	(Hppz,	Scheme	13)	[102].	This	example	illustrates	the	advantages	of	incorporating	nitrogen-rich	heterocycles	into	both	the	C^N	and	N^N	domains.	In	contrast	to	the	blue-green	LEC	emission	of	[Ir(ppy)2(pzpy)][PF6],	LECs	containing	[Ir(ppy)2(3-Mepzpy)][PF6]	or	[Ir(ppy)2(3,5-Me2pzpy)][PF6]	(see	Scheme	14)	emit	yellow	light	(EL	λemmax	=	537	or	543	nm);	the	LECs	in	this	case	contained	no	ionic	liquid	(configuration	ITO/PEDOT:PSS/Ir-iTMC/Al).	The	EL	values	of	537	or	543	nm	were	red-shifted	with	respect	to	the	MeCN	solution	PL	(λemmax	=	478	and	476	nm,	respectively).	A	blue-shift	in	the	EL	to	503	or	511	nm	was	induced	by	using	the	difluoro-substituted	C^N	ligand	[dfppy]–	(see	Section	6.3)	and	the	luminance	was	also	enhanced.	LECs	containing	[Ir(ppy)2(3-Mepzpy)][PF6]	or	[Ir(ppy)2(3,5-Me2pzpy)][PF6]	have	Lmax	=	351	and	549	cd	m–2,	respectively,	compared	to	560	or	658	cd	m–2	for	LECs	with	[Ir(dfppy)2(3-
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Mepzpy)][PF6]	or	[Ir(dfppy)2(3,5-Me2pzpy)][PF6]	[103].	On	going	from	[Ir(ppy)2(3-Mepzpy)][PF6]	or	[Ir(ppy)2(3,5-Me2pzpy)][PF6]	to	[Ir(ppy)2(Phpzpy)][PF6],	the	luminance	is	significantly	improved	(Lmax	=	1246	cd	m–2);	the	EL	showed	a	structured	emission	with	maxima	at	480	and	516	nm	[104].	Although	not	discussed	by	the	authors	(despite	a	DFT-optimized	structure)	[104],	the	introduction	of	a	pendant	phenyl	group	into	the	Phpzpy	ligand	should	lead	to	an	intra-cation	π-stacking	contact	as	in	the	related	complex	[Ir(dmppz)2(Phbpy)][PF6]	(Fig.	11)	[51].	Duan	and	Qiu	demonstrated	that	the	intra-cation	π-stacking	contact	in	[Ir(ppy)2(Phpz3py)][PF6]	(see	Fig.	12	for	Phpz3py)	resulted	in	dramatically	improved	LEC	stability	when	compared	to	the	performance	of	a	LEC	containing	[Ir(ppy)2(pzpy)][PF6]	in	the	active	layer	[53].	Note	that	pz3py	=	2-(1H-pyrazol-3-yl)pyridine	while	pzpy	=	2-(1H-pyrazol-1-yl)pyridine	(Scheme	14).	When	excited,	[Ir(ppy)2(Phpz3py)][PF6]	emits	blue-green	light	in	solution,	exhibiting	a	structured	emission	spectrum	(see	Section	1)	with	maxima	at	480	and	509	nm.	LECs	in	configuration	ITO/PEDOT:PSS/Ir-iTMC:[BMIM][PF6]	(2:1)/Al	with	[Ir(ppy)2(pzpy)][PF6]	or	[Ir(ppy)2(Phpz3py)][PF6]	in	the	active	layer	were	blue-green	emitters.	Under	a	constant	3	V	bias,	the	LEC	with	[Ir(ppy)2(pzpy)][PF6]	reached	Lmax	=	1.4	cd	m–2	in	3.8	min	and	had	a	lifetime	of	300	min.	In	contrast,	under	the	same	operating	conditions,	a	LEC	with	[Ir(ppy)2(Phpz3py)][PF6],	reached	Lmax	=	37	cd	m–2	in	325	min	and	had	a	value	of	t1/2	=	950	min.	Although	the	luminance	and	lifetime	were	deemed	relatively	low	compared	to	typical	orange	emitters	(in	2012),	the	design	principles	applied	in	this	investigation	[53]	were	promising.	Duan	and	Qiu	extended	the	investigation	to	a	structural	comparison	of	[Ir(ppy)2(Phpz3py)][PF6],	[Ir(ppy)2(F2Phpz3py)][PF6]	and	
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[Ir(ppy)2(F5Phpz3py)][PF6]	(Fig.	12)	[105].	Crystallographic	data	for	the	three	complexes	confirmed	π-stacking	between	the	pendant	phenyl	or	fluorinated	phenyl	ring	and	one	of	the	cyclometallated	rings	(Fig.	12).	On	going	from	[Ir(ppy)2(Phpz3py)][PF6]	to	[Ir(ppy)2(F2Phpz3py)][PF6]	to	[Ir(ppy)2(F5Phpz3py)][PF6],	the	angle	between	the	planes	of	the	stacked	rings	decreases	(21	to	18	to	5.0o)	and	the	centroid-to-centroid	separation	decreases	(3.75	to	3.65	to	3.52	Å),	indicating	increasingly	efficient	face-to-face	contacts.	In	solution,	all	three	complexes	show	similar	structured	emission	spectra	(see	Section	1)	with	maxima	at	480	and	509	nm,	480	and	507	nm,	and	476	and	506	nm,	respectively,	and	these	change	little	on	going	to	a	thin	film.	An	evaluation	of	the	two	fluorinated	complexes	in	LECs	has	not	yet	been	reported.	
	 	Fig.	11.	The	structure	of	the	cyclometallating	ligand	Hdmppz	and	the	structure	of	the	cation	in	[Ir(dmppz)2(Phbpy)][PF6]	showing	the	π-stacking	interaction	within	the	iridium	coordination	sphere	(CSD	refcode	YUWWOD)	[51].			
N
N
Hdmppz
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		 	Fig.	12.			Structures	of	the	N^N	ligands	Phpz3py,	F2Phpz3py	and	F5Phpz3py,	and	crystallographically	determined	structures	of	the	cations	in	(a)	[Ir(ppy)2(F2Phpz3py)][PF6]	and	(b)	[Ir(ppy)2(F5Phpz3py)][PF6]	(CSD	refcodes	BAWSID	and	BAWOJ)	[105].			 Scheme	 14	 includes	 N^N	 ligands	 with	 one	 or	 two	 imidazole	 units.	 In	solution,	 [Ir(ppy)2(EPimid)][PF6]	 is	 a	 blue	 emitter	 (λemmax	 =	 488	 nm	 with	shoulder	at	511	nm),	but	there	was	a	red-shift	to	525	nm	on	going	to	thin-film.	The	 effect	 of	 replacing	 [ppy]–	 by	 [dfppy]–	was	 to	 push	 the	 emissions	 to	 higher	energy	 (460,	 484	 nm	 in	 solution	 and	 505	 nm	 in	 thin	 film).	 The	 PL	 emission	maxima	 observed	 in	 thin-film	 were	 good	 models	 for	 the	 EL	 of	 LECs	 in	configuration	 ITO/PEDOT:PSS/Ir-iTMC/Al	 which	 emitted	 green	 or	 blue-green	light	(EL	λemmax	=	 	522	or	500	nm).	However,	the	presence	of	the	fluoro-groups	led	 to	 a	 reduction	 in	 light	 intensity	 (Lmax	 =	 1191	 cd	 m–2	 for	[Ir(ppy)2(EPimid)][PF6]	and	741	cd	m–2	for	[Ir(dfppy)2(EPimid)][PF6])	[106].	On	going	 from	the	archetype	 Ir-iTMC	[Ir(ppy)2(bpy)][PF6]	 to	 [Ir(ppy)2(pyim)][PF6]	to	 [Ir(ppy)2(bid)][PF6],	 solution	 (MeCN)	 values	 of	 the	 PL	 λemmax	 undergo	 a	significant	blue-shift	from	585	to	554	to	496	nm	corresponding	to	the	sequential	replacement	 of	 one,	 then	 two,	 pyridine	 rings	 in	 bpy	 by	 imidazole.	 The	 related	complexes	 [Ir(ppy)2(Phpybi)][PF6]	 and	 [Ir(ppy)2(qlbi)][PF6]	 in	 which	 the	benzimidazole	units	extend	the	aromatic	system	of	the	N^N	ligand,	exhibit	λemmax	
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at	588	and	627	nm,	respectively,	 thereby	pushing	 the	emission	maximum	back	towards	 the	 red.	 We	 return	 to	 this	 phenomenon	 in	 Section	 7.	 LECs	 with	configuration	ITO/PEDOT:PSS/Ir-iTMC:[BMIM][PF6]	(≈3:1)/Al	 in	which	Ir-iTMC	is	 [Ir(ppy)2(pyim)][PF6],	 [Ir(ppy)2(bid)][PF6],	 [Ir(ppy)2(Phpybi)][PF6]	 or	[Ir(ppy)2(qlbi)][PF6],	were	slow	to	turn-on,	taking	between	2.9	and	8.6	h	to	reach	
Lmax.	The	EL	spectra	are	similar	to	the	PL	spectra,	showing	only	a	relatively	small	(~10	nm)	shift	towards	the	red.	Blue-green-light	emitting	LECs	were	obtained	by	replacing	 [ppy]–	 in	 [Ir(ppy)2(pyim)][PF6]	 and	 [Ir(ppy)2(Phpybi)][PF6]	 by	[dfppy]–.	The	range	of	LEC	colours	obtained	in	this	investigation	encouraged	the	fabrication	of	devices	with	blended	electroluminophores	 in	 the	active	 layer.	By	doping	[10,107]	the	red-emitting	[Ir(ppy)2(qlbi)][PF6]	into	a	LEC	based	primarily	on	 [Ir(dfppy)2(pyim)][PF6],	 white-light	 emission	 was	 achieved.	 Qiu	 and	coworkers	[108]	reported	EL	spectra	with	two	maxima	at	~497	and	590	nm,	the	relative	intensities	of	which	depend	upon	the	level	of	doping.	Values	of	Lmax	are,	however,	 low	 (31	 to	 115	 cd	 m–2).	 On	 going	 from	 [Ir(ppy)2(Mepybi)][PF6]	 to	[Ir(ppy)2(Etpybi)][PF6]	 to	 [Ir(ppy)2(Octpybi)][PF6]	 (see	 Scheme	14),	 the	 length	of	the	N-alkyl	substituent	on	the	imidazole	ring		increases.	This	has	little	effect	on	the	solution	PL	(λemmax	=	572,	579	and	576	nm)	and	the	complexes	are	all	yellow	emitters	and	exhibit	good	PLQYs	(range	43–54%).	 In	contrast,	 the	chain	 length	impacted	 significantly	 on	 LEC	 performance.	 LECs	 in	 configuration	ITO/PEDOT:PSS/Ir-iTMC/Al	 had	 values	 of	 Lmax	 =	 2842	 (N-methyl),	 2933	 (N-ethyl)	 and	 7309	 cd	 m–2	 (N-octyl),	 and	 this	 trend	 was	 explained	 in	 terms	 of	reduced	intermolecular	interactions	as	the	chain	length	increased	leading	to	less	self-quenching	[109].		
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The	complexes	[Ir(dfppy)2(pytriaz-R)]+	combine	a	1,2,3-triazole-based	N^N	domain	(pytriaz-R	with	R	=	phenyl,	benzyl,	biphenyl	or	adamantyl,	Scheme	14)	with	a	difluoro-substituted	cyclometallating	ligand.	De	Cola	and	coworkers	reported	[Ir(dfppy)2(pytriaz-R)][PF6]	and	[Ir(dfppy)2(pytriaz-R)][BF4]	in	an	investigation	of	the	effects	of	both	the	R	group	and	counter-ion.	Solutions	of	the	compounds	exhibited	structured	emission	spectra	(see	Section	1)	with	values	of		
λemmax	(~	452	and	482	nm)	being	independent	of	both	R	and	counter-ion.	LECs	in	configuration	ITO/PEDOT:PSS/Ir-iTMC:[TBA][OTf]	(1:1)/Al	were	made	using	six	of	the	[Ir(dfppy)2(pytriaz-R)][X]	series	and	were	operated	at	a	constant	voltage	of	5	V.	Values	of	ton	(time	to	reach	Lmax)	ranged	from	120	to	860	s,	and	the	LECs	emitted	blue	light	(structured	EL	λemmax	~460	and	488	nm	in	each	LEC).	This	family	of	electroluminophores	is	significant	in	generating	LEC	emissions	that	were	described	by	the	authors	as	the	'bluest	with	fastest	response	time	ever	reported	for	iridium	complexes'	[110].	However,	the	device	lifetimes	were	low	with	values	of	t1/2	in	the	range	3.4	to	38.0	min.	In	Section	6.3,	we	described	the	electroluminophore	[Ir(Phtl)2(bpy)][PF6],	and	the	protection	that	the	pendant	benzyl	moiety	in	the	[Phtl]–	ligand	imparts	upon	the	iridium	centre	(see	Fig.	10).	Extension	of	this	work	invoked	the	use	of	H(fPhtl)	and	H(dfPhtl)	in	combination	with	the	nitrogen-rich	N^N	ligands	pytriaz-R	with	R	=	Ph	or	benzyl	(Scheme	15)	[111].	Blue-light-emitting	LECs	were	achieved	for	each	of	the	Ir-iTMCs	shown	in	Scheme	15.	Room	temperature	solution	PL	spectra	for	[Ir(fPhtl)2(pytriaz-Ph][PF6],	[Ir(fPhtl)2(pytriaz-Bn][PF6],	[Ir(dfPhtl)2(pytriaz-Ph][PF6]	and	[Ir(dfPhtl)2(pytriaz-Bn][PF6]	exhibit	maxima	at	487,	461,	485	and	452	nm,	respectively,	corresponding	to	sky-blue	or	deep-blue	emissions.	The	trend	demonstrated	the	expected	blue	shift	on	going	from	one	to	two	F	atoms	per	C^N	
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domain.	The	change	from	phenyl	to	benzyl	group	in	the	N^N	ligand	has	negligible	effect	on	PL	λemmax,	consistent	with	related	studies	of	the	effects	of	N-substitution	in	triazole	units	[94,105,110].	LECs	were	fabricated	in	configuration	ITO/PEDOT:PSS/iTMC	+	0.3%LiPF6/LiF/Al;	the	incorporation	of	LiF	to	enhance	ion	mobility	was	discussed	in	Section	5.1	[60].	Although	the	EL	spectra	were	red-shifted	with	respect	to	PL	maxima,	the	LEC	with	[Ir(fPhtl)2(pytriaz-Bn][PF6]	in	the	active	layer	retains	a	deep-blue	emission	(EL	λemmax	=	487	nm).		Under	a	constant	9	V	bias,	turn-on	of	the	LECs	was	between	6	min	and	2	h,	and	values	of	
t1/2	ranged	from	0.8	to	6	h	[111].			
	Scheme	15.	Ir-iTMCs	combining	nitrogen-rich	N^N	and	C^N	ligands	with	introduction	of	electron-withdrawing	fluoro-groups	in	the	C^N	domains.			 Following	the	theme	of	the	strong	electron-donating	ability	of	triazole-based	ligands,	Wu	and	coworkers	chose	to	investigate	a	series	of	[Ir(C^N)2(N^N)][PF6]	compounds	in	which	N^N	was	a	1,2,4-triazole-based	ligand	(pytriaz-oct	or	pytriaz-octCN,	Scheme	14).	The	cyclometallating	ligands	were	H(dfppy)	or	2-(4-tolyl)pyridine	H(tolpy).	Structured	emissions	were	
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observed	for	solutions	of		[Ir(dfppy)2(pytriaz-octCN)][PF6],	[Ir(tolppy)2(pytriaz-octCN)][PF6],	[Ir(dfppy)2(pytriaz-oct)][PF6]	or	[Ir(tolppy)2(pytriaz-oct)][PF6].	The	[dfppy]–-containing	compounds	were	sky-blue	emitters	(λemmax	=	454,	485	nm),	while	the	use	of	[tolppy]–	in	place	of	[dfppy]–	resulted	in	a	blue-green	emission	(λemmax	=	480,	512	nm).	The	EL	of	LECs	of	configuration	ITO/PEDOT:PSS/Ir-iTMC:[BMIM][PF6]	(14	%wt	IL)/Al	was	slightly	red-shifted	with	respect	to	the	PL,	but	still	retained	sky-blue	or	blue-green	emissions.	When	driven	under	a	constant	5	V	voltage,	the	LECs	containing	[Ir(tolppy)2(pytriaz-octCN)][PF6]	or	[Ir(tolppy)2(pytriaz-oct)][PF6	achieved	Lmax	values	of	430	or	228	cd	m–2,	respectively.	Luminance	levels	dropped	when	fluoro-substituents	were	present	in	the	electroluminophore.	LEC	efficiencies	were	enhanced	by	introducing	the	cyano	functionality.	Thus,	of	this	series,	the	best-performing	LEC	with	the	fastest	turn-on	time	contained	[Ir(tolppy)2(pytriaz-octCN)][PF6]	in	the	active	layer	[112].			
6.5	 N-heterocyclic	carbenes:	[Ir(C^N)2(NHC)]+	complexes	Replacing	the	N^N	ligand	in	[Ir(C^N)2(N^N)]+	by	a	strong-field,	chelating	N-heterocyclic	carbene	was	first	reported	in	2010	by	De	Cola	and	coworkers	as	a	means	of	achieving	blue-light-emitting	LECs	[39].	Scheme	16	shows	some	of	the	NHCs	that	have	been	investigated	during	the	last	few	years.	Both	Me-mdiim	and	Bu-mdiim	are	chelating	NHCs,	illustrated	in	the	structure	of	the	[Ir(dfppy)2(Bu-mdiim)]+	cation	shown	in	Fig.	13.	In	solution,	[Ir(dfppy)2(Me-mdiim)][PF6],	[Ir(dfppy)2(Me-mdiim)][BF4],	[Ir(dfppy)2(Bu-mdiim)][PF6]	and	[Ir(dfppy)2(Bu-mdiim)][BF4]	are	blue-emitters	with	structured	emission	(PL	λemmax	=	452	and	482	nm	for	[PF6]–	salts	and	452	and	480	nm	for	[BF4]–	salts).	The	result	
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confirmed	the	combined	effects	of	fluorinated	C^N	ligand	with	strong	field	NHC	in	terms	of	widening	the	HOMO–LUMO	gap	and	attaining	a	blue	emission.	Compare,	for	example,	with	[Ir(Me-dfppy)2(4,4'-tBu2bpy)][PF6]	which	is	a	green	emitter	in	solution	(see	Section	6.1).	LECs	in	configuration	ITO/PEDOT:PSS/Ir-iTMC:[TBA][OTf]	(1:1)/Al	emitted	blue	light	(EL	λemmax	=	488	nm	for	[Ir(dfppy)2(Me-mdiim)][X]	and	456	or	488	nm	for	[Ir(dfppy)2(Bu-mdiim)][X],	[X]–	=	[PF6	]–	or	[BF4]–).	The	LECs	were	operated	using	a	voltage	sweep	mode	(VSM)	or	a	constant	voltage	mode	(CVM).	The	brightest	LEC	achieved	Lmax	=	159.8	cd	m–2	(VSM).	The	stability	of	the	LECs	was	relatively	low	with	the	longest-lived	LEC	(t1/2		=	53.8	min)	also	being	the	brightest	[39].	The	NHC	Me-mdiim	has	also	been	combined	with	the	cyclometallating	ligand	H(dfpypytBu)	(Scheme	17)	in	the	Ir-iTMC	[Ir(dfpypytBu)2(Me-mdiim)][PF6].	The	bulky	tBu	substituents	were	designed	to	limit	intermolecular	interactions	(see	Section	5).	Excitation	in	solution	results	in	a	deep-blue	emission	(PL	λemmax	=	440	nm).	Results	of	DFT/TD-DFT	calculations	indicated	that	the	PL	originates	from	the	cyclometallating	rather	than	NHC	ligand	which	is	in	contrast	to	typical	[Ir(C^N)2(N^N)]+	Ir-iTMCs	in	which	emission	originates	from	the	N^N	ligand.	A	LEC	in	configuration	ITO/PEDOT:PSS/Ir-iTMC:[BMIM][PF6]	(3:1)/Al	with	[Ir(dfpypytBu)2(Me-mdiim)][PF6]	in	the	active	layer	and	operated	under	a	constant	6	V	voltage,	exhibited	a	time-dependent	EL	spectrum	with	the	maximum	shifting	from	~500	nm	to	532	nm	and	the	profile	of	the	spectrum	changing	substantially	over	time.	Operating	the	LEC	under	2.5	mA	cm–2	constant	current	rather	than	6	V	constant	voltage	led	to	a	faster	turn-on	(17	s	vs	215	s)	and	higher	Lmax	(113	vs	15	cd	m–2).	The	LEC	had	poor	long-term	stability	(t1/2	=	179	s	under	constant	bias	and	only	60	s	under	constant	current	mode)	[113].	
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The	use	of	different	LEC	driving	conditions	in	these	last	two	investigations	underlines	the	difficulties	of	assessing	device	performance	for	a	given	electroluminophore	based	on	a	single	set	of	operating	parameters.		
	Scheme	16.	Structures	of	selected	N-heterocyclic	carbenes.	
	Fig.	13.	The	crystallographically	determined	structure	of	[Ir(dfppy)2(Bu-mdiim)]+	from	the	[PF6]–	salt	(CSD	refcode	IMOWAJ)	[39].			
	Scheme	17.		Some	cyclometallating	ligands	used	in	combination	with	NHCs	in	[Ir(C^N)2(NHC)]+	complexes.	See	also	H(dfppy)	in	Scheme	9	and	H(dfppz)	in	Fig.	9.			
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The	ligands	pymeim,	pyphmi	and	pybzim	present	an	N^C	donor	set,	the	C-donor	being	an	NHC	(Scheme	16).	These	have	been	used	in	conjunction	with	the	cyclometallating	ligands	H(ppy),	H(dfppy),	H(dfppz),	H(dfpypy),	H(dfpypytBu),	H(dfpypyCO2Me)	and	H(4-MeCO2C-2-Phpy)	(Scheme	17)	in	Ir-iTMCs.	A	series	of	[Ir(C^N)2(pybzim)][PF6]	complexes	exhibited	poor	PL	characteristics	and	(as	above	for	[Ir(dfpypytBu)2(Me-mdiim)][PF6]),	the	results	of	DFT/TD-DFT	calculations	are	consistent	with	PL	originating	from	the	cyclometallating	ligand.	Solution	PL	maxima	of	435	nm	for	[Ir(dfpypy)2(pybzim)][PF6],	447	nm	for	[Ir(dfpypyCO2Me)2(pybzim)][PF6]	and	450	nm	for	[Ir(dfppy)2(pybzim)][PF6]	give	the	desired	blue	emissions;	this	PL	λemmax	range	of	435–450	nm	compares	with	λemmax	=	471	nm	for	[Ir(ppy)2(pybzim)][PF6]	which	bears	no	fluoro-substituents.	The	deep-blue	emission	from	[Ir(dfpypy)2(pybzim)][PF6]	is	especially	noteworthy,	being	at	significantly	higher	energy	than	blue	emitting	Ir-iTMCs	employing	diimine	ancillary	ligands.	Members	of	this	series	of	compounds	show	rather	low	PLQYs	and	this	was	ascribed	to	non-radiative	deactivation	of	the	excited	states	by	thermally	accessible	iridium-centred	states	[114].	LECs	in	configuration	ITO/PEDOT:PSS/Ir-iTMC:[BMIM][PF6]	(3:1)/Al	with		[Ir(C^N)2(pybzim)][PF6]	in	the	emissive	layer	were	operated	under	a	constant	6	V	voltage.	[Ir(ppy)2(pybzim)][PF6]	and	[Ir(dfppy)2(pybzim)][PF6]	gave	only	low	luminances	(Lmax	~	20	cd	m–2)	and,	disappointingly,	a	large	red-shift	was	observed	from	solution	PL	to	device	EL	(EL	λemmax	=	544	and	512	nm	compared	to	PL	λemmax	=	471	and	450	nm,	respectively)	[114].	With	the	knowledge	that	intra-cation	π-stacking	interactions	can	improve	LEC	stability,	Duan	and	Qiu	[115]	introduced	an	N-phenyl	substituent	into	the	NHC	ligand	pyphmi	(Scheme	16).	The	crystallographically	determined	structure	of	the	cation	in	
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[Ir(ppy)2(pyphmi)][PF6]	is	shown	in	Fig.	14.		Photoexcitation	of	the	compound	in	solution	leads	to	a	blue-green	emission;	the	structured	emission	had	maxima	at	500	and	477	nm,	and	there	was	only	a	small	red-shift	on	going	to	thin-film	(PL	
λemmax	=	506	and	480	nm).	Although	this	looked	promising,	LECs	in	configuration	IT/PEDOT:PSS/IriTMC:[BMIM][PF6]	(4:1)/Al	and	operated	under	a	constant	4	V	bias	emitted	yellow	light	(EL	λemmax	=	556	nm).	Perhaps	surprisingly,	LECs	with	[Ir(ppy)2(pyphmi)][PF6]	in	the	active	layer	did	not	show	enhanced	stability	over	those	with	[Ir(ppy)2(pymemi)][PF6]	(Scheme	16)	suggesting	that	the	π-stacking	interaction	is	not	effective	in	this	case	[115].	Independent	DFT/TD-DFT	calculations	by	Costa	et	al.	revealed	that	population	of	the	metal-centred	3MC	excited	states	leads	to	cleavage	of	the	Ir–N	bond	to	the	pyridine	ring	of	the	HNC	ligand	[116].	Thus,	the	combined	experimental	and	theoretical	results	lead	to	the	conclusion	that	the	intra-cation	π-stacking	which	is	effective	in	[Ir(C^N)2(N^N)]+	electroluminophores	may	not	enhance	the	LEC	stability	in	[Ir(C^N)2(NHC)]+-type	materials.	
	Fig.	14.	Intra-cation	π-stacking	in	the	cation	in	[Ir(ppy)2(pyphmi)][PF6]	(CSD	refcode	MEGLUH)	[115].		
7	 Red-shifting	the	emission	
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In	Section	6,	we	described	the	significant	efforts	that	have	been	made	to	target	deep-blue	emitters	required	to	complement	the	many	orange	emitting	Ir-iTMCs	in	order	to	achieve	white-light	LECs	by	colour-blending.	We	illustrated	one	example	from	Qiu	and	coworkers	in	which	a	LEC	based	on	the	blue-green-emitting	[Ir(dfppy)2(pyim)][PF6]	was	doped	with	the	red-emitting	[Ir(ppy)2(qlbi)][PF6]	to	gain	overall	white-light	emission	[108].	Other	examples	are	included	below.	LECs	exhibiting	deep-red	emission	are	few	in	number	and	red-emitting	LECs	with	long-term	stability	are	even	fewer.		
	Scheme	18.	Structures	of	some	N^N	ligands	designed	for	use	in	red-emitting	Ir-iTMCs.					
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	Scheme	19.	Blue-green	emitters	used	in	host–guest	Ir-iTMCs	with	[Ir(ppy)2(biq)][PF6].			 An	important	strategy	for	obtaining	a	red-shifted	emission	is	to	extend	the	aromatic	system	of	the	N^N	ligand,	for	example	replacing	bpy	by	2,2'-biquinoline	(biq,	Scheme	18).	Its	use	for	red-emitting	LECs	was	first	reported	by	Thompson	[83]	who	demonstrated	that	[Ir(ppz)2(biq)][PF6]	in	MeCN	exhibited	PL	λemmax	=	616	nm		compared	with	λemmax	=	563	nm	for	[Ir(ppz)2(bpy)][PF6]	(also	in	MeCN	solution).	The	emission	can	be	shifted	to	627	nm	by	using	1-(3-(tert-butyl)phenyl)-1H-pyrazole,	H(tBuppz),	in	place	of	1-phenyl-1H-pyrazole,	H(ppz),	as	the	cyclometallating	ligand.	A	LEC	of	configuration	ITO/PEDOT:PSS/Ir-iTMC/Al	containing	[Ir(tBuppz)2(biq)][PF6]	emitted	red-light	(EL	λemmax	=	635	nm).	Although	the	LEC	was	slow	to	turn	on	and	reached	a	maximum	efficiency	(EQE)	of	7.4%	after	~70	min	(Lmax	=	7500	cd	m–2),	this	seminal	work	demonstrated	that	red-light	emitting	LECs	could	be	accomplished	by	employing	N^N	ligands	with	extended	π-conjugation.	Since	H(ppz)	is	used	in	place	of	H(ppy)	to	blue-shift	emissions	(see	Section	6.3),	it	is	to	be	expected	that	going	from	[Ir(ppz)2(biq)][PF6]	[83]	to	[Ir(ppy)2(biq)][PF6]	[117]	leads	to	a	shift	in	the	PL	to	lower	energy	(616	to	656	nm).	The	red-emitting	[Ir(ppy)2(biq)][PF6]	(Fig.	15)	has	been	combined	with	blue-green	emitters	shown	in	host–guest	Ir-
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iTMCs	configuration	to	produce	solid-state	white	light-emitting	LECs.	The	blue-green	emitters	shown	in	Scheme	19	showed	solution	PL	maxima	of	499,	497	and	491	nm,	respectively,	with	PLQY	values	of	46,	66	and	54%.	On	going	to	a	neat	film,	the	emission	shifted	to	513	and	507	nm	for	[Ir(dfppz)2(dasb)][PF6]	and	[Ir(dfppz)2(bmpdaf)][PF6],	respectively,	but	remained	at	491	nm	for	[Ir(dfppz)2(dedaf)][PF6]	(see	Scheme	19).	[Ir(dfppz)2(dedaf)][PF6]	was	therefore	selected	for	combination	with	[Ir(ppy)2(biq)][PF6]	in	a	LEC	of	configuration	ITO/Ir-iTMC:[BMIM][PF6]/Ag	where	the	active	layer	comprised	host	[Ir(dfppz)2(dedaf)][PF6]	(80.5	wt.	%),	guest	[Ir(ppy)2(biq)][PF6]	(0.4	wt.	%)	and	[BMIM][PF6]	(19.1	wt.	%).	Operated	under	constant	bias	of	2.9,	3.1	or	3.3	V,	white-light	emitting	LECs	reached	maximum	luminance	in	240,	60	or	30	min	with	the	corresponding	values	of	Lmax	=	2.5,	18	or	43	cd	m–2.	Pleasingly,	the	blue	component	in	the	EL	spectrum	exhibited	a	λemmax	of	488	nm,	one	of	the	highest-energy	blue	EL	emissions	reported	at	the	time	(2008)	in	LECs	[117].	Mudring	and	coworkers	[118]	have	obtained	a	deep-red-emitting	LEC	by	using	[Ir(bzq)2(biq)][PF6]	in	the	active	layer	(Hbzq	=	benzo[h]quinoline).	The	rigid	C^N	ligands	were	chosen	so	as	to	restrict	radiationless	exciton	decay;	one	of	the	factors	that	contributes	to	the	poor	stability	of	many	red-emitting	Ir-iTMCs	is	re-absorption	of	the	low	energy	of	the	emission	leading	to	vibronic	excitation.	The	solution	and	powder	PL	spectra	of	[Ir(bzq)2(biq)][PF6]	both	exhibit	maxima	at	644	nm	with	a	shoulder	at	712	nm.	A	LEC	in	configuration	ITO/PEDOT:PSS/Ir-iTMC:[BMIM][PF6]	(3:1)/Al	showed	EL	λemmax	=	662	nm.	Operated	in	pulsed	current	mode,	the	device	achieved	Lmax	=	33.65	cd	m–2	and	had	an	impressive	lifetime	of	280	h.	
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	Fig.	15.	The	crystallographically	determined	structure	of	the	[Ir(ppy)2(biq)]+	cation	in	[Ir(ppy)2(biq)][PF6]	(CSD	refcode	MOBBIP)	[117].		The	ligand	qlbi	(Scheme	14)	also	possesses	an	extended	aromatic	system.	Like	[Ir(ppy)2(biq)][PF6]	(PL	λemmax	=	656	nm)	[117],	[Ir(ppy)2(qlbi)][PF6]	exhibits	a	red	emission	in	solution	(PL	λemmax	=	627	nm	with	shoulder	at	646	nm).	A	LEC	in	configuration	ITO/PEDOT:PSS/Ir-iTMC:[BMIM][PF6]	(3:1)/Al	with	[Ir(ppy)2(qlbi)][PF6]	in	the	emissive	layer	and	driven	under	a	constant	3.0	V	bias	retains	a	satisfyingly	red-shifted	EL	λemmax	of	650	nm.	However,	the	LEC	was	slow	to	turn	on,	taking	12.4	min	to	reach	a	luminance	of	1	cd	m–2	and	7.2	h	to	reach	a	value	of	Lmax	of	70	cd	m–2	[108].	The	application	of	this	red-emitter	as	a	dopant	in	a	white-light	emitting	LEC	was	described	in	Section	6.4.	[Ir(ppy)2(qlbi)][PF6]	has	also	been	combined	with	[Ir(ppz)2(pzpy][PF6]	in	a	LEC	(ITO/PEDOT:PSS/Ir-iTMC:[BMIM][PF6]/Al)	in	which	the	active	layer	comprised	host	[Ir(ppz)2(pzpy][PF6],	guest	[Ir(ppy)2(biq)][PF6]	and	ionic	liquid;	the	red-emitting	guest	was	present	in	30	wt%.	EL	spectra	of	LECs	containing	the	host	alone,	guest	alone	or	host-guest	combination	exhibited	λemmax	=	493,	650	or	627	nm,	respectively.	The	dispersion	of	the	guest	ions	within	the	host	inhibits	self-
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quenching	[10]	and	although	the	EQE	of	the	host-guest	LEC	is	greater	(3.5%)	than	that	of	the	red-emitting	guest-alone	LEC	(2.6%),	the	value	of	Lmax	is	significantly	lower	(8.4	versus	70.3	cd	m–2)	[119].			Zhu,	Su,	Bryce	and	coworkers	[120]	have	reported	a	series	of	complexes	involving	the	heterocyclic	oxd	derivatives	as	N^N	ligands.	Two	of	these	ligands	are	shown	in	Scheme	18	and	[Ir(ppy)2(oxd)][PF6]	complexes	exhibit	solution	PL	maxima	of	573	and	556	nm	for	oxd	with	R	=	H	or	Me	(Scheme	18).	On	going	to	thin	films,	a	red-shift	to	625	and	627	nm,	respectively,	occurs	leading	to	red	emission.	LECs	in	configuration	ITO/PEDOT:PSS/Ir-iTMC:[BMIM][PF6]	(4:1)/Al	(driven	under	a	constant	5	V	bias)	emitted	red	light	(EL	λemmax	=	616	and	624	nm)	and	achieved	values	of	Lmax	=	217	and	154	cd	m–2.	The	LEC	with	[Ir(ppy)2(oxd,	R	=	Me)][PF6]	exhibits	an	EQE	of	9.51%	which	is	particularly	high	for	a	red-emitting	LEC.	Turn-on	times	were	moderate	(72	and	35	min	to	reach	
Lmax)	and	LEC	lifetimes	were	of	the	order	of	hours	(reported	as	590	and	490	min)	[120].	Scheme	18	shows	a	series	of	N^N	ligands	incorporating	benzo[d]thiazole	or	benzo[d]oxazole	units	which	have	been	employed	by	our	group	[121]	to	produce	red-emitting	[Ir(ppy)2(N^N)][PF6]	complexes.	In	solution,	PL	λemmax	values	lie	in	the	range	636	to	686	nm	and	show	only	slight	perturbation	upon	going	to	thin	films	(PL	λemmax	=	625–693	nm);	in	the	solid	state,	emissions	are	blue-shifted	up	to	32	nm	with	respect	to	solution.	The	introduction	of	the	second	benzothiazole	unit	in	pybibzt	and	dbzt	(Scheme	18)	leads	to	a	marked	stabilization	of	the	LUMO	and	[Ir(ppy)2(pybibzt)][PF6]	and	[Ir(ppy)2(dbzt)][PF6]	exhibit	the	most	red-shifted	emissions	of	the	series.	LECs	were	made	in	configuration	ITO/PEDOT:PSS/Ir-iTMC:[BMIM][PF6]	(4:1)/Al	and	were	operated	using	a	pulsed	current	mode.	The	device	containing	[Ir(ppy)2(dbzt)][PF6]	
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emitted	in	the	near-infrared	and	failed	to	operate	under	a	pulsed	current	mode,	although	did	respond	under	constant-voltage	operation.	For	the	remaining	LECs,	EL	λemmax	were	in	the	range	598	to	655	nm.	The	best-performing	LECs	contained	[Ir(ppy)2(pybzt)][PF6],	[Ir(ppy)2(tBupybzt)][PF6]	or	[Ir(ppy)2(Phpybzt)][PF6]	(see	Scheme	18),	and	reached	Lmax	=	77,	200	and	119	cd	m–2,	respectively,	in	4.6,	4.3	and	0.2	h.	The	most	remarkable	feature	of	these	LECs	is	their	stability	with	extrapolated	t1/2	values	of	>1000,	>6000	and	>4500	h	for	[Ir(ppy)2(pybzt)][PF6],	[Ir(ppy)2(tBupybzt)][PF6]	and	[Ir(ppy)2(Phpybzt)][PF6],	respectively.	This	class	of	N^N	ligands	is	therefore	worthy	of	further	investigation	in	Ir-iTMCs.	Significantly,	the	long	lifetimes	are	achieved	without	the	use	of	the	intra-cation	π-stacking	interactions	discussed	in	Section	4.	We	noted	in	Section	4	that	red-emitting	LECs	using	Ir-iTMCs	in	which	the	N^N	ligand	is	a	bidentate	tpy	showed	low	efficiencies	[55].	This	N^N	domain	was	chosen	because	it	could	provide	a	pendant	non-coordinated	pyridyl	ring	to	π-stack	over	one	cyclometallated	ring	in	[Ir(ppy)2(tpy)]+-type	complexes,	and	could	also	be	variously	functionalized	in	the	4'-position	of	the	tpy	ligand	to	tune	to	emission	properties	[55,122].	However,	tpy	(specifically,	the	2,2':6',2''-isomer)	appears	not	to	be	a	favourable	N^N	component	in	Ir-iTMCs.	On	the	other	hand,	the	isomeric	2,2':5',2''-terpyridine	(2,5-tpy)	was	used	by	Slinker	and	Zysman-Colman	in	[Ir(ppy)2(2,5-tpy)][PF6].	This	complex	emits	orange-red	light	both	in	solution	(PL	λemmax	=	604	nm)	and	in	a	LEC	(PL	λemmax	=	611	nm).	A	LEC	in	configuration	ITO/PEDOT:PSS/Ir-iTMC/Al	(see	Section	5.1	for	the	use	of	LiF)	and	operated	under	a	constant	current	of	1.5	A	(current	density	=	0.5	mA	mm–2	)	had	a	fast	response,	reaching	Lmax	of	324	cd	m–2	in	11	min.	The	LEC	lifetime	was	of	the	order	of	hours	(reported	as	250	min)	[123].	In	the	case	of	[Ir(ppy)2(2,5-tpy)]+,	
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the	non-coordinated	pyridyl	functionality	acts	as	a	bulky,	peripheral	group	and	cannot	engage	in	an	intra-cation	π-stacking	interaction	as	in	[Ir(ppy)2(tpy)]+.		 The	narrowing	of	the	HOMO–LUMO	gap	required	to	obtain	a	red-emitting	[Ir(C^N)2(N^N)]+	complex	can	be	realized	by	attaching	electron-donating	groups	to	the	C^N	ligands	(see	below)	or	electron-withdrawing	groups	to	the	N^N	ligand.	An	example	of	the	latter	approach	is	seen	in	[Ir(tolpy)2(4,4'-(EtO2C)2bpy)][PF6]	(Htolpy	=	2-(4-tolyl)pyridine).	In	solution,	[Ir(tolpy)2(4,4'-(EtO2C)2bpy)][PF6]	has	a	PL	λemmax	=	687	nm.	Scheme	20	illustrates	the	incorporation	of	the	same	electroluminophore	into	a	polymer.	A	comparison	of	the	performances	of	a	LEC	containing	[Ir(tolpy)2(4,4'-(EtO2C)2bpy)][PF6]	in	the	active	layer	and	a	polymer	light-emitting	electrochemical	cell	(PLEC)	showed	that	both	are	red-emitting	(630	and	660	nm,	respectively).	Both	the	LEC	and	PLEC	were	in	configuration	ITO/PEDOT:PSS/Ir-iTMC:[BMIM][PF6]	(2:1)/Al	and	driven	under	a	constant	bias	of	3	V.	The	most	notable	feature	of	this	investigation	is	the	enhanced	stability	shown	by	the	PLEC	(t1/2	=	37	h)	with	respect	to	the	LEC	(t1/2	=	0.52	h).	This	strategy	for	prolonging	device	lifetime	is,	however,	at	the	expense	of	the	turn-on	time.	The	LEC	had	a	faster	ton	than	the	PLEC	(0.17	h	vs.	5.7	h	to	reach	Lmax	of	30–40	cd	m–2),	consistent	with	the	lower	mobility	of	the	[PF6]–	counter-ions	in	the	PLEC	[124].	
	Scheme	20.	Synthesis	of	the	red-emitting	Ir-iTMC-functionalized	polymer	(AIBN	=	azobisisobutyronitrile).			
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	 In	Section	6,	we	overviewed	the	popular	strategy	of	introducing	fluoro	or	other	electron-withdrawing	groups	into	the	C^N	domain	to	blue-shift	the	emission	of	an	Ir-iTMC.	Despite	the	widespread	use	of	the	latter,	the	complementary	strategy	of	attaching	electron-donating	groups	to	the	C^N	ligands	to	red-shift	the	emission	has	been	little	explored.	Bolink	and	Zysman-Colman	[125]	reported	the	series	of	complexes	shown	in	Scheme	21,	demonstrating	both	regioisomeric	effects	([3-MeOpmpy]–	versus	[4-MeOpmpy]–)	and	the	effects	of	introducing	one,	two	or	three	methoxy	substituents	into	the	C^N	domain.	Solution	PL	maxima	range	from	618	nm	for	[Ir(4-MeOpmpy)2(bpy)][PF6]	to	730	nm	for	[Ir(3,4-dMeOpmpy)2(bpy)][PF6].	In	the	monosubstituted	C^N	ligand,	moving	the	MeO	group	from	the	3-	to	4-position	leads	to	higher	PLQY	and	longer	phosphorescence	lifetime.	Although	the	presence	of	the	bulky	tBu	groups	(Section		5)	improves	the	phosphorescence	lifetime,	non-radiative	decay	remains	dominant.	LECs	in	configuration	ITO/PEDOT:PSS/Ir-iTMC:[BMIM][PF6]	(4:1)/Al	and	operated	at	a	constant	voltage	of	4	V	performed	poorly	with	short	device	lifetimes.	The	longest-lived	LEC	contained	[Ir(3,4,5-tMeOpmpy)2(bpy)][PF6]	in	the	emissive	layer	(t1/2	=	16	h)	but	this	was	also	the	slowest	to	turn-on	(8	h	to	reach	Lmax	=	21	cd	m–2).	In	contrast,	the	LEC	with	[Ir(4-MeOpmpy)2(bpy)][PF6]	showed	a	turn-on	time	(to	
Lmax	)	of	only	3	s	and	was	the	brightest	of	the	LECs	(Lmax	=	53.1	cd	m–2);	however,	it	was	unstable	with	t1/2	=	30	s.	The	best	device	contained	[Ir(3,4,5-tMeOpmpy)2(4,4'-tBu2bpy)][PF6]	and	showed	EL	λemmax	=	650	nm	compared	to	the	PL	λemmax	=	685	nm.	It	achieved	a	low	maximum	luminance	of	18	cd	m–2	in	1.1	h,	and	had	a	value	of	t1/2	=	2	h.	The	authors	concluded	that,	although	the	strategy	
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of	using	electron-donating	methoxy	groups	in	the	C^N	ligands	leads	to	deep-red	emissions,	it	does	not	represent	a	good	design	approach	for	stable	red-emitting	LECs	[125].			
	Scheme	21.	Ir-iTMCs	incorporating	electron-donating	groups	to	the	C^N	ligands.		
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single	compnent	Ir-iTMCs	has	not,	so	far,	successfully	achieved	white-light	emitting	LECs.	However,	since	the	HOMO	and	LUMO	of	an	[Ir(C^N)2(N^N)]+	complex	are,	respectively,	localized	on	the	Ir/C^N	or	N^N	domains,	colour-tuning	of	the	emission	is	readily	accomplished	by	functionalizing	the	C^N	and/or	N^N	units	thereby	altering	their	electronic	properties.	The	archetype	Ir-iTMCs	[Ir(ppy)2(bpy)][PF6]	and	[Ir(ppy)2(phen)][PF6]	are	both	orange	emitters,	and	they	form	the	structural	basis	for	a	very	large	number	of	orange-emitting	Ir-iTMCs	and	LECs.	For	overall	white	emission,	bright	and	stable	blue-emitters	are	needed	to	complement	these	orange-emitters.	We	have	described	the	different	approaches	used	to	widen	the	HOMO-LUMO	gap,	thereby	increasing	the	emission	energy.	While	introduction	of	electron-withdrawing	fluoro-groups	into	the	C^N	domain	is	a	popular	choice,	it	does	not	necessarily	lead	to	blue-emitting	LECs	that	are	stable	over	time.	This	instability	has	led	to	other	strategies	for	blue-emitting	electroluminophores.	It	is	the	norm	to	screen	the	PL	characteristics	of	new	Ir-iTMCs	before	testing	them	in	device	configuration.	Unfortunately,	achieving	blue	solution	PL	by	careful	ligand-design	is	not	a	prerequisite	for	blue	EL	since	a	red-shift	on	going	from	PL	to	EL	is	often	observed	for	wide-bandgap	electroluminophores.	There	remains	a	need	for	bright	and	stable	deep-blue	Ir-iTMCs	and	also	for	stable	deep-red	emitters.	The	latter	area	in	particular	is	ripe	for	development.		Ligand	design	plays	a	crucial	role	in	stabilizing	the	electroluminophore	in	its	excited	state,	thereby	increasing	LEC	lifetimes.	A	successful	approach	has	been	the	introduction	of	intra-cation	π-stacking	interactions	which	protect	the	iridium	metal	centre	in	the	excited	state.	However,	π-stacking	of	rings	within	the	coordination	sphere	of	the	iridium	centre	does	not	always	lead	to	enhanced	
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stability	and	the	involvement	of	the	cyclometallated	ring(s)	may	be	an	important	feature.	While	the	choice	of	[PF6]–	as	a	counter-ion	in	cyclometallated	iridium(III)	complexes	is	common,	the	relatively	large	ion	size	leads	to	low	ion	mobility,	and	this	in	turn	results	in	slow	LEC	turn-on	times	(ton).	A	mean	of	overcoming	this	is	the	use	of	a	pulsed	current	driving	mode	for	LECs;	this	also	stabilizes	the	doped	regions	in	the	LEC	leading	to	longer	lifetimes.	In	reviewing	the	LEC	literature,	we	note	that	the	use	of	different	LEC	configurations	(e.g.	with	or	without	a	hole-transport	layer,	with	or	without	ionic	liquid,	different	ratios	of	Ir-iTMC:IL)	and	the	use	of	different	LEC	operating	conditions	(e.g.	constant	voltage,	constant	current,	pulsed	voltage,	or	pulsed	current	modes)	make	direct	comparisons	of	device	performances	difficult.	With	so	many	variable	parameters,	there	remains	a	need	for	more	systematic	investigations	both	of	given	Ir-iTMCs	in	LECs	of	variable	configurations	and	operated	under	different	conditions.	Nonetheless,	we	conclude	that	over	the	last	few	years,	significant	progress	has	been	made	in	establishing	iridium-based	LECs	as	competitors	to	iridium-based	OLEDs.	Key	issues	for	the	future	are	to	achieve	LECs	that	combine	fast	turn-on,	enhanced	luminance	and	long	life	times.		
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